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Abstract: The aim of this in vitro study was to evaluate the accuracy of different intraoral scanners
(IOS), according to different scanning strategies and to the experience of the operator. Six IOS
setups were used in this study. Ten scans of a complete epoxy-resin-made maxillary dental arch
were performed with each IOS, using four different scanning techniques (manufacturer-suggested
scanning strategy, cut-out rescan technique, simplified scanning technique, novel scanning technique).
Scans were also performed by an expert operator in the field of digital dentistry. An operator with no
experience in the field of intraoral scans performed 10 scans following each of the scanning strategy
suggested by the manufacturer. The master model was scanned with an industrial high-resolution
reference scanner to obtain a highly accurate digitized reference model. All the digital models were
aligned with the reference model using a software aimed at comparing the STL files. A total of n = 300
scans were performed. Once the data were pooled, Medit i700 and Primescan obtained the best results
in terms of both trueness and precision, showing no statistically significative differences (p > 0.05) to
the first and the second scanning technique, Medit i700 scanner allowed to obtain the best values
both in terms of trueness (24.4 ± 2.1 µm and 21.4 ± 12.9 µm, respectively) and precision compared to
other IOS (23.0 ± 1.6 µm and 30.0 ± 18.0 µm, respectively). When considering the third scanning
technique, Medit i700 recorded the best values in terms of trueness while Primescan recorded the best
values in terms of precision (24.0 ± 2.7 µm and 26.8 ± 13.7 µm, respectively). When considering the
two operators, significant differences between the two were found only with Medit i700 (p < 0.001).
The examined IOS showed statistically significant differences in terms of trueness and precision. The
used scanning strategy is a factor influencing the accuracy of IOS. Considering the expertise of the
operators, clinically scanning strategies are not operative sensitive in terms of accuracy.

Keywords: intraoral scanner; full dental arch; accuracy; trueness; precision; scanning strategies

1. Introduction

In recent years, digital technologies have become widely used in dental practice,
resulting in a consistent evolution and transformation of clinical workflows. The digi-
talization process radically changed the dental world, becoming part of it. The use of
computer represents the pivotal point of the CAD/CAM technology (Computer-Aided
Design/Computer-Aided Manufacturing) that was introduced in dentistry more than fifty
years ago. Initially, CAD/CAM technology aimed at carrying out only single restorations.
Then, due to technological advances, even complex oral rehabilitations, including more
extended fixed dental prostheses, either on natural teeth or implants, were performed [1,2].

This technology was described for the first time in 1973 by Duret, aiming at automating
the manufacturing processes of prosthetic products in order to optimize the quality and,
thus, increase the efficiency of the entire workflow [3]. In particular, Duret developed
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and patented a CAD/CAM system that allowed to manufacture a dental crown in 4 h [4].
Since 1980, when the first intraoral scanner (IOS) was made, this technology continued to
be developed and, in 1987, the first intraoral scanner (IOS) was introduced in the dental
market [5,6]. The digital workflow was implemented earlier in the dental laboratory setting
than in the clinical one, through an indirect digitalization process. In particular, the conven-
tional impression performed by the dentist was supposed to be casted in the laboratory
to obtain a physical model, then digitalized using an optical scanner. The digitalized
model was subsequently processed using CAD/CAM systems [7]. Since then, IOS became
very common in dental practice. As a consequence of the massive introduction of IOSs
in the dental market, clinicians are now able to start the digital workflow in the dental
office. In fact, IOSs have recently benefited significant technological developments from
software and hardware point of view. These improvements allowed IOSs to be as accurate
as the conventional impressions [8]. In particular, digital scans are a clinically acceptable
alternative to conventional impression methods in the fabrication of crowns (both on teeth
and implants) and short fixed dental prostheses, while conventional impressions are still
recommended for full-arch impressions [9].

The fundamental characteristic of an IOS is, in fact, the accuracy, as a combination
of trueness and precision. According to the definition by the International Standard
Organization (ISO) 5725:1, trueness is defined as the “closeness of agreement between
the arithmetic mean of a large number of test results and the true or accepted reference
value” while, precision is defined as “the closeness of agreement between different test
results” [10]. Accuracy and precision are essential for obtaining an adequate digital scan
and, consequently, an excellent final product.

A substantial role is also played by scanning strategies that may have an impact on
the success of intraoral scanning, as they are likely to influence the accuracy of digital
scan [11]. Moreover, taking into account the learning curve needed to master intraoral
scanners, it could be speculated that the experience of the scanning operator may also play
an important role, affecting the accuracy of the digital scan. Additionally, the extension
of the area to scan affects the accuracy of the scan itself, as a consequence of the stitching
process. In particular, in small segments, such as sextants, the scanning pattern does not
affect trueness and precision [12]. When considering full arch scans, significant differences
were reported [13–15]. However, the improvements introduced by the latest software and
scanner versions ensure high levels of accuracy even for full dental arch scans, as reported
in the present study [16–19].

Considering the abundance of IOSs, it becomes crucial to identify which is the most
accurate system. This study aims at: evaluating and comparing the accuracy (trueness and
precision) of different IOSs; comparing different scanning strategies in terms of accuracy;
verifying whether the scanning strategies are operative-sensitive. The null hypotheses were
that there would be no significant differences in the digital scan accuracy (trueness and
precision) of different intraoral scanners, scanning strategies and operators.

2. Materials and Methods

An upper epoxy-resin-made maxillary dental arch was used in this study. Epoxy
resin is an opaque and dimensionally stable material with good mechanical and chemical
resistance. The scans, using different scanning techniques, were performed for the complete
dental arch (CDA), with the master model inserted in an opaque black methacrylate box, in
order to simulate oral cavity (Figure 1).



Int. J. Environ. Res. Public Health 2023, 20, 4776 3 of 15

Figure 1. The epoxy-resin-made maxillary dental arch was inserted in an opaque black methacrylate
box, in order to simulate oral cavity.

Six intraoral scanner setups were used in this study: AC Omnicam, software v 5.1.3
(Dentsply Sirona, Charlotte, NC, USA); AC Primescan, software v 5.1.3 (Dentsply Sirona,
Charlotte, NC, USA); Trios 4, software v 1.7.9.1 (3Shape, Copenhagen, Denmark); iTero
Element 5D, software v 2.6.3.369 (Align Technology, San Jose, CA, USA); Dexis IS 3700,
software scan flow v 1.3 (Dental Imaging Technologies Corporation, Hatfield, PA, USA);
Medit i700, software v. 2.5.7 (Medit, Seoul, Republic of Korea).

The six intraoral scanners were calibrated according to the manufacturer’s guidelines.
A convenience sample size was used. Ten scans of the entire jaw arch were performed with
each IOS, using four different scanning techniques for each scanner:

• Technique 1: the strategy recommended by the manufacturer (specific for each different
IOSs, Figure 2); in addition, cut-out rescan technique was also performed, cutting
out three segments of the dental arch and rescanning them. The procedure began by
scanning the cast, and then three delimited areas were sequentially edited using the
cut-off tool and then rescanned until the substitution of new images of these areas was
complete. In particular, the selection was performed in correspondence of the right
maxillary first molar (full crown preparation), the left maxillary first molar (onlay
preparation), and the left maxillary central incisor (veneer preparation).

• Technique 2: a simplified scanning technique (briefly, 1. From the palatal surface of
the distal right molar to the palatal surface of the distal left molar; 2. From the occlusal
surface of the distal left molar to the occlusal surface of the distal right molar; 3. From
the buccal surface of the distal right molar to the buccal surface of the distal left molar);

• Technique 3: a new scanning technique proposed by Passos et al. [11] (briefly, 1. From
the palatal surface of the distal right molar to the palatal surface of the distal left molar;
2. From the occlusal surface of the distal left molar to the occlusal surface of the distal
right molar; 3. From the buccal surface of the distal right molar to the buccal surface
of the distal left canine; 4. From the buccal surface of the distal left molar to the buccal
surface of the distal right canine).
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Figure 2. Graphical representation of the scanning strategies recommended by the manufacturers.
The colored arrows indicate the sequence of movements of the scanner.

In order to assess if scanning techniques were operative-sensitive, scans were per-
formed by both a trained and expert operator and by an operator with no experience in the
field of intraoral scans. The latter performed 10 scans of the master model following each
of the scanning strategy suggested by the manufacturer. Figure 3 synoptically shows the
performed scans per operator.

Figure 3. Graphical and synoptic representation of the performed scans per operator. A total of
n = 300 were obtained and analyzed.
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The scan data went to postprocessing and then, they were exported in standard
tessellation language (STL) file format for their subsequent analysis. Moreover, a digital
chronometer was used to record the scanning timing (Casio HS-80TW-1EF, Casio Computer
Co. Ltd., Tokyo, Japan).

The master model was scanned with an industrial high-resolution reference scanner
to obtain a highly accurate digitized reference model GOM Scan 1 (GOM, Zeiss Group,
Braunschweig, Germany), as shown in Figure 4.

Figure 4. The master model was scanned with an industrial high-resolution reference scanner to
obtain a highly accurate digitized reference model GOM Scan 1 (GOM, Zeiss Group, Braunschweig,
Germany).

All the obtained digital models were compared with the reference model. The software
GOM Inspect Professional (GOM, Zeiss Group, Braunschweig, Germany) was used to
compare the STL files, using a best fit alignment. GOM Inspect Professional is a 3D
point cloud (and triangular mesh) processing software. It was originally designed to
perform comparison between two dense 3D points clouds (such as the ones acquired with
a laser scanner) or between a point cloud and a triangular mesh. It relies on a specific
octree structure dedicated to this task. GOM Inspect allowed us to automatically compare
the tested scans with the scan of the reference model. In other words, first of all, the
master model was cut considering only the teeth. Then, all the scans were uploaded.
Consequentially, the software automatically aligned, compared and analyzed all the tested
scans, taking into account only the selected areas of the master model.
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The discrepancy between the master model and each scan, both when overestimating
and when underestimating the areas, was recorded for each of the 6 study groups. The
total mean discrepancy calculated from the average of the mean internal and external
discrepancies corresponded to trueness, considering the master model and each scan. The
total mean discrepancy calculated from the average of the mean internal and external
discrepancies corresponded to precision, considering a random scan of a scan group and
each scan of that scan group (excluding the considered one).

The results were evaluated using R statistical software. Descriptive statistic values
were given as mean ± standard deviation (SD) (all values in µm). The level of Type I error
was calibrated at a = 0.05. To test absolute differences in trueness, precision, and time, the
Kruskal–Wallis rank sum test was used to evaluate the difference among the scanners. The
Wilcoxon signed rank test was used on the signed differences (between each scan and the
reference file) to evaluate whether the scanners overestimated or underestimated the size
of the reference file by testing whether the center of each scanner’s distribution will be
statistically different from zero.

3. Results

Overall, a total of n = 300 scans were performed. The results of the study in terms of
both trueness and precision are shown in Table 1.

Table 1. This table shows the results of the present study according to: scanning technique, the
operator and IOS. Data are expressed in micron and seconds.

Intraoral Scanner Trueness (µm) Precision (µm) Time (s)

Scanning Technique 1
(Expert)

Dexis IS 3700 43.8 ± 5.8 71.0 ± 44.1 184.6 ± 23.0
iTero 5D 36.6 ± 13.6 97.9 ± 38.4 229.4 ± 26.4

Medit i700 24.4 ± 2.1 * 21.4 ± 12.9 * 143.6 ± 5.6
Omnicam 43.0 ± 5.8 26.9 ± 15.8 * 191.0 ± 20.7
Primescan 28.9 ± 7.0 * 43.1 ± 19.8 117.3 ± 19.0 *

Trios 4 53.8 ± 14.9 97.3 ± 41.8 142.1 ± 15.9
Scanning Technique 1

(Not Expert)
Dexis IS 3700 38.8 ± 8.6 74.0 ± 45.2 248.6 ± 5.7

iTero 5D 39.2 ± 18.3 60.9 ± 23.7 317.6 ± 76.5
Medit i700 35.6 ± 3.7 * 36.8 ± 23.2 228.2 ± 33.6
Omnicam 51.7 ± 5.9 25.2 ± 10.1 * 256.9 ± 22.4
Primescan 33.5 ± 5.8 * 31.3 ± 14.7 * 201.0 ± 7.1

Trios 4 58.6 ± 20.4 101.8 ± 53.6 163.8 ± 30.0 *
Cut-Out Re-scan Technique

Dexis IS 3700 51.4 ± 6.6 109.2 ± 61.5 267.7 ± 21.4
iTero 5D 31.9 ± 3.8 55.3 ± 22.1 332.6 ± 25.1

Medit i700 23.2 ± 3.0 * 22.4 ± 13.9 * 208.2 ± 7.7
Omnicam 49.40 ± 2.9 33.5 ± 17.7 276.9 ± 21.3
Primescan 28.3 ± 4.2 * 33.9 ± 18.4 170.1 ± 19.4 *

Trios 4 48.1 ± 13.9 85.3 ± 55.9 206.1 ± 13.8
Scanning Technique 2

Dexis IS 3700 32.4 ± 4.2 57.0 ± 31.9 181.2 ± 16.9
iTero 5D 30.1 ± 3.4 66.2 ± 22.8 204.5 ± 15.1

Medit i700 23.0 ± 1.6 * 30.0 ± 18.0 * 147.7 ± 32.3
Omnicam 49.1 ± 7.3 40.3 ± 16.9 125.2 ± 11.9 *
Primescan 25.9 ± 4.3 * 38.0 ± 16.1 163.9 ± 27.2

Trios 4 42.2 ± 17.0 83.5 ± 46.8 148.1 ± 12.8
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Table 1. Cont.

Intraoral Scanner Trueness (µm) Precision (µm) Time (s)

Scanning Technique 3
Dexis IS 3700 47.8 ± 10.7 59.0 ± 33.8 170.5 ± 21.2

iTero 5D 43.6 ± 8.6 78.3 ± 33.3 211.9 ± 24.4
Medit i700 24.0 ± 2.7 * 26.6 ± 18.6 * 127.6 ± 7.2 *
Omnicam 42.0 ± 4.9 31.5 ± 14.1 154.1 ± 33.5
Primescan 25.7 ± 4.4 * 26.8 ± 13.7 * 142.6 ± 37.0

Trios 4 39.7 ± 6.6 61.4 ± 28.9 144.5 ± 14.0
* p < 0.05.

3.1. Scanning Techniques
3.1.1. Dexis IS 3700

Following the first scanning technique, the trained operator obtained a trueness value
of 43.8 ± 5.8 µm and a precision value of 71.0 ± 44.1 µm. The average time taken to scan
was 184.6 ± 23.0 s. The unexperienced operator recorded a trueness value of 38.8 ± 8.6 µm
and a precision value of 74.0 ± 45.2 µm. The average time taken to scan was 248.6 ± 5.7 s.
Considering both the trueness and the precision, a statistically significative difference
was not observed between the two operators (p > 0.05). On the contrary, a statistically
significative difference was recorded when considering the scanning timing (p < 0.01).
The cutting-out scanning technique did not show any statistically significative differences
in terms of both trueness and precision, when compared to the first scanning technique
(p > 0.05).

Considering the second and the third scanning techniques, a trueness value of 32.4 ±
4.2 µm and 47.8 ± 10.7 µm was, respectively, recorded, while a precision value of 57.0 ±
31.9 µm and 59.0 ± 33.8 µm was, respectively, observed. The mean scanning time was 181.2
± 16.9 s following the second scanning technique, while it was 170.5 ± 21.2 s following the
third one. The statistical analysis showed statistically significant differences in trueness
when comparing the first scanning technique to the second one (p < 0.01) and the second
scanning technique to the third one (p < 0.05).

3.1.2. iTero 5D

Considering the first scanning technique, the trained operator obtained a trueness
value of 36.6 ± 13.6 µm and a precision value of 97.9 ± 38.4 µm. The average time taken
to scan was 229.4 ± 26.4 s. The unexperienced operator recorded a trueness value of 39.2
± 18.3 µm and a precision value of 60.9 ± 23.7 µm. The average time taken to scan was
317.6 ± 76.5 s. Considering both the trueness and the precision, a statistically significative
difference was not observed between the two operators (p > 0.05). On the contrary, a
statistically significative difference was recorded when considering the scanning timing
(p < 0.01). The cutting-out scanning technique did not show any statistically significative
difference in terms of trueness (p > 0.05), but it did in terms of precision (p < 0.01), when
compared to the first scanning technique. The cutting-out scanning technique was more
precise than the scanning technique 1 (55.3 ± 22.1 µm and 97.9 ± 38.4 µm, respectively).

Taking into account the second and the third scanning techniques, a trueness value
of 30.1 ± 3.4 µm and 43.6 ± 8.6 µm was, respectively, recorded, while a precision value of
66.2 ± 22.8 µm and 78.3 ± 33.3 µm was, respectively, observed. The mean scanning time
was 204.5 ± 15.1 s following the second scanning technique, while it was 211.9 ± 24.4 s
following the third one. The statistical analysis showed statistically significant differences
in trueness when comparing the second scanning technique to the third one (p < 0.001) and
in precision when considering the first scanning technique and the second one (p < 0.05)
and the first and the third one (p < 0.05).
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3.1.3. Medit i700

When considering the first scanning technique, the trained operator recorded a true-
ness value of 24.4 ± 2.1 µm and a precision value of 21.4 ± 12.9 µm. The average time
taken to scan was 143.6 ± 5.6 s. The unexperienced operator recorded a trueness value
of 35.6 ± 3.7 µm and a precision value of 36.8 ± 23.2 µm. The average time taken to scan
was 228.2 ± 33.6 s. Considering the trueness, a statistically significative difference was
observed between the two operators (p < 0.001). A statistically significative difference was
also recorded when considering the scanning timing (p < 0.01). The cutting-out scanning
technique did not show any statistically significative differences in terms of both trueness
and precision, when compared to the first scanning technique (p > 0.05).

Considering the second and the third scanning techniques, a trueness value of 23.0 ±
1.6 µm and 24.0 ± 2.7 µm was, respectively, observed, while a precision value of 30.0 ±
18.0 µm and 26.6 ± 18.6 µm was, respectively, recorded. The mean scanning time was 147.7
± 32.3 s following the second scanning technique, while it was 127.6 ± 7.2 s following the
third one. The statistical analysis showed statistically significant differences in trueness
when comparing the first scanning technique to the third one (p < 0.01) and the second
scanning technique to the third one (p < 0.05).

3.1.4. Omnicam v 5.1.3

Following the first scanning technique, the trained operator obtained a trueness value
of 43.0 ± 5.8 µm and a precision value of 26.9 ± 15.8 µm. The average time taken to scan
was 191.0 ± 20.7 s. The unexperienced operator recorded a trueness value of 51.7 ± 5.9 µm
and a precision value of 25.2 ± 10.1 µm. The average time taken to scan was 256.9 ± 22.4 s.
Considering both the trueness and the precision, a statistically significative difference
was not observed between the two operators (p > 0.05). On the contrary, a statistically
significative difference was recorded when considering the scanning timing (p < 0.01).
The cutting-out scanning technique did not show any statistically significative differences
in terms of both trueness and precision, when compared to the first scanning technique
(p > 0.05).

Considering the second and the third scanning techniques, a trueness value of 49.1
± 7.3 µm and 42.0 ± 4.9 µm was, respectively, recorded, while a precision value of 40.3 ±
16.9 µm and 31.5 ± 14.1 µm was, respectively, observed. The mean scanning time was 125.2
± 11.9 s following the second scanning technique, while it was 154.1 ± 33.5 s following the
third one. The statistical analysis showed statistically significant differences in trueness
when comparing the first scanning technique to the third one (p < 0.01) and the second
scanning technique to the third one (p < 0.05).

3.1.5. Primescan v 5.1.3

Considering the first scanning technique, the trained operator obtained a trueness
value of 28.9 ± 7.0 µm and a precision value of 43.1 ± 19.8 µm. The average time taken to
scan was 117.3 ± 19.0 s. The unexperienced operator recorded a trueness value of 33.5 ±
5.8 µm and a precision value of 31.3 ± 14.7 µm. The average time taken to scan was 201.0 ±
7.1 s. Considering both the trueness and the precision, a statistically significative difference
was not observed between the two operators (p > 0.05). On the contrary, a statistically
significative difference was recorded when considering the scanning timing (p < 0.01).
The cutting-out scanning technique did not show any statistically significative differences
in terms of both trueness and precision, when compared to the first scanning technique
(p > 0.05).

Following the second and the third scanning techniques, a trueness value of 25.9 ±
4.3 µm and 25.7 ± 4.4 µm was, respectively, recorded, while a precision value of 38.0 ±
16.1 µm and 26.8 ± 13.7 µm was, respectively, observed. The mean scanning time was 163.9
± 27.2 s following the second scanning technique, while it was 142.6 ± 37.0 s following the
third one. The statistical analysis showed statistically significant differences in trueness
when comparing the second scanning technique to the third one (p < 0.05).
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3.1.6. Trios 4

Following the first scanning technique, the trained operator obtained a trueness value
of 53.8 ± 14.9 µm and a precision value of 97.3 ± 41.8 µm. The average time taken to
scan was 142.1 ± 15.9 s. The unexperienced operator recorded a trueness value of 58.6 ±
20.4 µm and a precision value of 101.8 ± 53.6 µm. The average time taken to scan was 163.8
± 30.0 s. No statistically significative difference was observed between the two operators
(p > 0.05). The cutting-out scanning technique did not show any statistically significative
differences in terms of both trueness and precision, when compared to the first scanning
technique (p > 0.05).

Taking into account the second and the third scanning techniques, a trueness value of
42.2 ± 17.0 µm and 39.7 ± 6.6 µm was, respectively, recorded, while a precision value of
83.5 ± 46.8 µm and 61.4 ± 28.9 µm was, respectively, observed. The mean scanning time
was 148.1 ± 12.8 s following the second scanning technique, while it was 144.5 ± 14.0 s
following the third one. The statistical analysis showed statistically significant differences
in both trueness and precision when comparing the first scanning technique to the third
one (p < 0.05).

3.2. IOSs Inter-Group Comparison according to the Tested Scanning Strategies

A comparison was also performed among IOSs according to the used scanning tech-
niques. Overall, according to the first scanning technique, the Medit i700 scanner obtained
the best values both in terms of trueness (24.4 ± 2.1 µm) and precision (21.4 ± 12.9 µm)
compared to other IOSs (p < 0.05), Primescan excluded (p > 0.05). In terms of scanning time,
Primescan was the fastest scanner (117.3 ± 19.0 s), p < 0.05. As well, when considering the
second scanning technique, Medit i700 obtained the best results in terms of trueness (23.0
± 1.6 µm) and precision (30.0 ± 18.0 µm), p < 0.05. Omnicam was the fastest IOS (125.2
± 11.9 s), p < 0.05. Additionally, for the third scanning technique, Medit i700 obtained
the best values in terms of trueness (24.0 ± 2.7 µm), while Primescan recorded the best
values in terms of precision (26.8 ± 13.7 µm), p < 0.05. Medit i700 was the fastest scanner
(127.6 ± 7.2 s), p < 0.05. Once the data were pooled, Medit i700 and Primescan obtained the
best results in terms of both trueness and precision, showing no statistically significative
differences (p > 0.05). Figure 5 graphically outlines the results of IOSs according to the
studied scanning strategies and IOSs.

Interestingly, the scanning strategy suggested by the manufacturers did obtain the
best results in terms of trueness in none of the tested IOSs. On the contrary, the latter
recorded the best results in terms of precision with iTero5D, Medit i700, and Omnicam.
Table 2 shows the results obtained according to IOS and the scanning strategy, within the
same study group (e.g., Dexis, iTero, Medit, Omnicam, Primescan, Trios).

Table 2. Table 2 shows the results obtained according to IOS and the scanning strategy, within the
same study group.

Trueness
(Mean ± Sd,

µm)
Scanning

Technique p-Value
Precision

(Mean ± Sd,
µm)

Scanning
Technique p-Value Time

(s)
Scanning

Technique p-Value

Dexis 32.4 ± 4.2 2 <0.05 57.0 ± 31.9 2 n.s. 170.5 ± 21.2 3 n.s.
iTero 30.1 ± 3.4 2 n.s. 60.9 ± 23.7 1 <0.05 204.5 ± 15.1 2 <0.05
Medit 23.0 ± 1.6 2 n.s. 21.4 ± 12.9 1 n.s. 127.6 ± 7.2 3 <0.05

Omnicam 42.0 ± 4.9 3 <0.05 25.2 ± 10.1 1 n.s. 125.2 ± 11.9 2 <0.01
Primescan 25.7 ± 4.4 3 n.s. 26.8 ± 13.7 3 n.s. 117.3 ± 19.0 1 <0.05

Trios 39.7 ± 6.6 3 <0.05 61.4 ± 28.9 3 n.s. 142.1 ± 15.9 1 n.s.

Abbreviations: n.s. = not significative.
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Figure 5. Cont.
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Figure 5. Graphical representation of the results of IOSs according to the studied scanning strategies:
(a) Boxplot referring to trueness; (b) Boxplot referring to precision; (c) trueness related pooled data
according to the studied IOSs; (d) precision related pooled data according to the studied IOSs. Data
are based on a five number summary (“minimum” value, first quartile [Q1], median, third quartile
[Q3] and “maximum” value).
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4. Discussion

A total of n = 300 scans were performed, aiming at investigating the accuracy of
six different IOSs, comparing different scanning strategies and verifying whether the
scanning strategies were operative-sensitive. Overall, despite the fact that statistically
significant differences were observed in the analyses, none of them recorded a full dental
arch distortion higher than 110 µm. This result was in accordance with those of a recent
study where the same IOSs showed a distortion of less than 100 µm [20].

The followed scanning strategy was an important parameter to consider when a scan
of the dental arch is taken, as it could play an important role in the success of the scan
itself, in terms of accuracy and time. Scanning strategies are usually specific to the different
IOSs as they are based on different technologies [16]. Each IOS manufacturer recommends
a different scanning technique; however, there is no evidence on which is the best of the
techniques suggested by the different companies [13]. Various studies investigated the
impact of scanning pattern on the accuracy of the scan, with some discordant results. In
accordance with the results of this report, other studies also showed that, despite the high
accuracy of each IOS, some scanning strategies performed better than others in terms
of trueness and precision [21]. Surprisingly, in the present study, the scanning strategy
suggested by the manufacturer did not obtain the best results in terms of trueness in none of
the tested IOSs. On the contrary, scanning technique 1 obtained the best results in terms of
precision with iTero 5D, Medit i700 and Omnicam. A recent study investigated the accuracy
of full-arch intraoral scans obtained by different scan strategies with the segmental scan
and merge methods: if dental arches are scanned segmentally in two parts, the accuracy
is comparable with the one-time scan method. Conversely, when scanning is performed
in more than two segments, the accuracy of full-arch image decreases, especially in the
intermolar distance evaluation [22].

The rationale for the assessment of the accuracy of the cutting-out technique was
that during the daily clinical practice, it may be necessary to cut out some existing cast
areas and perform another scan of the same area, due to several reason (e.g., practical,
modification of dental preparation, scan correction). Therefore, it was deemed necessary
to verify if the cutting-out procedure affects the accuracy of the scan. In accordance with
a recent study, the cutting-out technique did not obtain clinical significative differences
in terms of both trueness and precision, when compared to scanning technique 1 [23]. It
could be speculated that, if necessary, re-scanning a specific area of the dental arch does
not affect the overall accuracy of the scan itself. However, in contrast with the results of the
present study, other studies showed how cutting off and rescanning procedures affected
the accuracy of intraoral scanning, as a consequence of the stitching process [24,25].

It is crucial to consider that to use IOS in clinical practice, it is necessary to acquire
specific skills and familiarity with this kind of technology [26–28]. In addition, manu-
facturers provide different and specific scanning strategies for each different device and
clinical situation, further complicating the correct use of IOS. The experience level of the
operator was demonstrated to play an important role in IOS working-time, as showed
elsewhere [29]. Additionally, in the present study, the operator with no experience with IOS
recorded significantly longer times than the experienced operator in performing the com-
plete arch scans. A recent study investigated the impact of operators’ experience in terms
of both scanning time and accuracy [30]. In accordance with the results of this study, it was
found that the most experienced operator spent less time than the unexperienced one in
scanning the complete dental arch, while operator’s experience had only a small influence
on the scan accuracy. In fact, the difference between the two operators was observed only
for the scanning timing, as there were no statistically significative differences in terms of
accuracy. This datum was in contrast with the results of another study that showed that
operator experience and scanner type play an important role in accuracy and scanning
time [31]. However, as reported elsewhere, with an adequate training, the needed time
for the intraoral scan can be easily shortened [32]. The degree of experience, therefore, is
directly correlated with the times of scanning while it did not seem to improve the accuracy
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of the scans. Young clinicians, with a greater affinity for the digital world, will find it easier
to use intraoral scanners and related software in their clinical practice compared to dentists
with less experience and passion for technological innovations [33,34]. In addition, the
use of IOS is preferred and perceived as easier than the conventional technique among
undergraduate dental students with no impression-making experience [35].

The use of an in vitro model may have limited the results of the study as it did not
correspond perfectly to the results obtainable in vivo. However, the choice to conduct
an in vitro study was supported by the need to assess accuracy, which cannot be easily
measured in vivo, due to the necessity to have a virtual reference model on which to
superimpose, through reverse engineering software, the obtained intraoral scans. To
date, a virtual reference model can only be created by indirect extraoral methods, using
sophisticated industrial devices. Therefore, the calculation of the accuracy in vivo may
be tricky due to the anatomical structures that may obstacle the action of the industrial
scanner. Another limitation of the present report was that this study did not examine all the
intraoral scanners on the market. Therefore, the results of this study were not exhaustive.
However, the main IOS systems used in dental practice were tested. In addition to this, it
was necessary to respect the availability of different companies in providing the various
devices for carrying out the study. Not all the scanning techniques proposed in the literature
were tested. Three were selected, each having potential advantages over the others. The
first scanning technique was chosen because it represented the strategy recommended by
the manufacturers for each specific device and it was assumed to be the most tested and
suitable for the correct use of IOS; the second scanning technique was chosen because,
being less complex and articulated than the others, it was deemed to be time-saving and
clinically advantageous; the third scanning technique was tested as it was demonstrated to
be the most accurate one, as showed elsewhere [10]. Finally, considering the study protocol,
the unexperienced operator performed the scans using only the technique recommended
by the manufacturer (Technique 1). The rationale of it was that when someone approaches
something new, the novice should start the learning curve following a widely tested and
validated protocol.

5. Conclusions

The examined IOSs showed statistically significant differences in terms of trueness and
precision. However, clinically, these differences were deemed to be not relevant since the
recorded accuracy values were below the threshold of clinical acceptability. Overall, Medit
i700 and Primescan recorded the best results in terms of trueness and precision (p < 0.05).
The tested scanning strategies were proven to be a factor influencing the accuracy of
intraoral scanners, even though, clinically, no technique was found to be the best one. On
the contrary, scanning strategies are time-sensitive (p < 0.05). Considering the experience of
the operators, scanning strategies are not operative sensitive in terms of accuracy. However,
they are in terms of time spent in scanning.

Author Contributions: Conceptualization, G.G. and G.R.; methodology, L.A.; formal analysis, L.A.;
investigation, G.G. and L.A.; writing—original draft preparation, L.A.; writing—review and editing,
G.G. and G.R.; supervision, G.R. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data sets generated and/or analyzed during the present study are
available from the corresponding author on reasonable request.



Int. J. Environ. Res. Public Health 2023, 20, 4776 14 of 15

Acknowledgments: The authors wish to thank all the companies that freely and unconditionally
offered their technical support, providing the tested intraoral scanners, the used industrial scanner as
well as the software to perform the comparisons among the obtained scans.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Russell, M.M.; Andersson, M.; Dahlmo, K.; Razzoog, M.E.; Lang, B.R. A New Computer-Assisted Method for Fabrication of

Crowns and Fixed Partial Dentures. Quintessence Int. 1995, 26, 757–763.
2. Katsoulis, J.; Mericske-Stern, R.; Rotkina, L.; Zbären, C.; Enkling, N.; Blatz, M.B. Precision of Fit of Implant-Supported Screw-

Retained 10-Unit Computer-Aided-Designed and Computer-Aided-Manufactured Frameworks Made from Zirconium Dioxide
and Titanium: An in Vitro Study. Clin. Oral. Implants. Res. 2014, 25, 165–174. [CrossRef]

3. Duret, F.; Preston, J.D. CAD/CAM Imaging in Dentistry. Curr. Opin. Dent. 1991, 1, 150–154.
4. Logozzo, S.; Zanetti, E.M.; Franceschini, G.; Kilpelä, A.; Mäkynen, A. Recent Advances in Dental Optics—Part I: 3D Intraoral

Scanners for Restorative Dentistry. Opt. Lasers Eng. 2014, 54, 203–221. [CrossRef]
5. Mörmann, W.H. The Origin of the Cerec Method: A Personal Review of the First 5 Years. Int. J. Comput. Dent. 2004, 7, 11–24.
6. Beuer, F.; Schweiger, J.; Edelhoff, D. Digital Dentistry: An Overview of Recent Developments for CAD/CAM Generated

Restorations. Br. Dent. J. 2008, 204, 505–511. [CrossRef]
7. Persson, A.S.K.; Odén, A.; Andersson, M.; Sandborgh-Englund, G. Digitization of Simulated Clinical Dental Impressions: Virtual

Three-Dimensional Analysis of Exactness. Dent. Mater. 2009, 25, 929–936. [CrossRef]
8. Zarbakhsh, A.; Jalalian, E.; Samiei, N.; Mahgoli, M.H.; Kaseb Ghane, H. Accuracy of Digital Impression Taking Using Intraoral

Scanner versus the Conventional Technique. Front. Dent. 2021, 18, 6. [CrossRef]
9. Ahlholm, P.; Sipilä, K.; Vallittu, P.; Jakonen, M.; Kotiranta, U. Digital Versus Conventional Impressions in Fixed Prosthodontics: A

Review. J. Prosthodont. 2018, 27, 35–41. [CrossRef]
10. ISO 5725-1:1994 (En); Accuracy (Trueness and Precision) of Measurement Methods and Results—Part 1: General Principles and

Definitions. Available online: https://www.iso.org/obp/ui/#iso:std:iso:5725:-1:ed-1:v1:en (accessed on 19 August 2022).
11. Passos, L.; Meiga, S.; Brigagão, V.; Street, A. Impact of Different Scanning Strategies on the Accuracy of Two Current Intraoral

Scanning Systems in Complete-Arch Impressions: An in Vitro Study. Int. J. Comput. Dent. 2019, 22, 307–319.
12. Mennito, A.S.; Evans, Z.P.; Nash, J.; Bocklet, C.; Lauer Kelly, A.; Bacro, T.; Cayouette, M.; Ludlow, M.; Renne, W.G. Evaluation of

the Trueness and Precision of Complete Arch Digital Impressions on a Human Maxilla Using Seven Different Intraoral Digital
Impression Systems and a Laboratory Scanner. J. Esthet. Restor. Dent. 2019, 31, 369–377. [CrossRef]

13. Latham, J.; Ludlow, M.; Mennito, A.; Kelly, A.; Evans, Z.; Renne, W. Effect of Scan Pattern on Complete-Arch Scans with 4 Digital
Scanners. J. Prosthet. Dent. 2020, 123, 85–95. [CrossRef]

14. Favero, R.; Volpato, A.; Francesco, M.D.; Fiore, A.D.; Guazzo, R.; Favero, L. Accuracy of 3D Digital Modeling of Dental Arches.
Dental. Press. J. Orthod. 2019, 24, 38e1–37e7. [CrossRef]

15. Vág, J.; Nagy, Z.; Simon, B.; Mikolicz, Á.; Kövér, E.; Mennito, A.; Evans, Z.; Renne, W. A Novel Method for Complex Three-
Dimensional Evaluation of Intraoral Scanner Accuracy. Int. J. Comput. Dent. 2019, 22, 239–249.

16. Ender, A.; Zimmermann, M.; Mehl, A. Accuracy of Complete- and Partial-Arch Impressions of Actual Intraoral Scanning Systems
in Vitro. Int. J. Comput. Dent. 2019, 22, 11–19.

17. Mangano, F.G.; Hauschild, U.; Veronesi, G.; Imburgia, M.; Mangano, C.; Admakin, O. Trueness and Precision of 5 Intraoral
Scanners in the Impressions of Single and Multiple Implants: A Comparative in Vitro Study. BMC Oral Health 2019, 19, 101.
[CrossRef]

18. Nagy, Z.; Simon, B.; Mennito, A.; Evans, Z.; Renne, W.; Vág, J. Comparing the Trueness of Seven Intraoral Scanners and a Physical
Impression on Dentate Human Maxilla by a Novel Method. BMC Oral Health 2020, 20, 97. [CrossRef]

19. Mangano, F.; Gandolfi, A.; Luongo, G.; Logozzo, S. Intraoral Scanners in Dentistry: A Review of the Current Literature. BMC Oral
Health 2017, 17, 149. [CrossRef]

20. Schlenz, M.A.; Stillersfeld, J.M.; Wöstmann, B.; Schmidt, A. Update on the Accuracy of Conventional and Digital Full-Arch
Impressions of Partially Edentulous and Fully Dentate Jaws in Young and Elderly Subjects: A Clinical Trial. J. Clin. Med. 2022, 11,
3723. [CrossRef]

21. Ender, A.; Mehl, A. Influence of Scanning Strategies on the Accuracy of Digital Intraoral Scanning Systems. Int. J. Comput. Dent.
2013, 16, 11–21.

22. Mai, H.Y.; Mai, H.-N.; Lee, C.-H.; Lee, K.-B.; Kim, S.-Y.; Lee, J.-M.; Lee, K.-W.; Lee, D.-H. Impact of Scanning Strategy on the
Accuracy of Complete-Arch Intraoral Scans: A Preliminary Study on Segmental Scans and Merge Methods. J. Adv. Prosthodont.
2022, 14, 88–95. [CrossRef]

23. Passos, L.; Meiga, S.; Brigagão, V.; Neumann, M.; Street, A. Digital Impressions’ Accuracy through “Cut-out-Rescan” and “Data
Exchange by over Scanning” Techniques in Complete Arches of Two Intraoral Scanners and CAD/CAM Software. J. Prosthodont.
Res. 2022, 66, 509–513. [CrossRef]

http://doi.org/10.1111/clr.12039
http://doi.org/10.1016/j.optlaseng.2013.07.017
http://doi.org/10.1038/sj.bdj.2008.350
http://doi.org/10.1016/j.dental.2009.01.100
http://doi.org/10.18502/fid.v18i6.5649
http://doi.org/10.1111/jopr.12527
https://www.iso.org/obp/ui/#iso:std:iso:5725:-1:ed-1:v1:en
http://doi.org/10.1111/jerd.12485
http://doi.org/10.1016/j.prosdent.2019.02.008
http://doi.org/10.1590/2177-6709.24.1.38.e1-7.onl
http://doi.org/10.1186/s12903-019-0792-7
http://doi.org/10.1186/s12903-020-01090-x
http://doi.org/10.1186/s12903-017-0442-x
http://doi.org/10.3390/jcm11133723
http://doi.org/10.4047/jap.2022.14.2.88
http://doi.org/10.2186/jpr.JPR_D_20_00089


Int. J. Environ. Res. Public Health 2023, 20, 4776 15 of 15

24. Gómez-Polo, M.; Piedra-Cascón, W.; Methani, M.M.; Quesada-Olmo, N.; Farjas-Abadia, M.; Revilla-León, M. Influence of
Rescanning Mesh Holes and Stitching Procedures on the Complete-Arch Scanning Accuracy of an Intraoral Scanner: An in Vitro
Study. J. Dent. 2021, 110, 103690. [CrossRef]

25. Revilla-León, M.; Sicilia, E.; Agustín-Panadero, R.; Gómez-Polo, M.; Kois, J.C. Clinical Evaluation of the Effects of Cutting off,
Overlapping, and Rescanning Procedures on Intraoral Scanning Accuracy. J. Prosthet. Dent. 2022, in press. [CrossRef]

26. Abduo, J.; Elseyoufi, M. Accuracy of Intraoral Scanners: A Systematic Review of Influencing Factors. Eur. J. Prosthodont. Restor.
Dent. 2018, 26, 101–121. [CrossRef]

27. Cicciù, M.; Fiorillo, L.; D’Amico, C.; Gambino, D.; Amantia, E.M.; Laino, L.; Crimi, S.; Campagna, P.; Bianchi, A.; Herford, A.S.;
et al. 3D Digital Impression Systems Compared with Traditional Techniques in Dentistry: A Recent Data Systematic Review.
Materials 2020, 13, 1982. [CrossRef]

28. Kihara, H.; Hatakeyama, W.; Komine, F.; Takafuji, K.; Takahashi, T.; Yokota, J.; Oriso, K.; Kondo, H. Accuracy and Practicality of
Intraoral Scanner in Dentistry: A Literature Review. J. Prosthodont. Res. 2020, 64, 109–113. [CrossRef]

29. Giménez, B.; Özcan, M.; Martínez-Rus, F.; Pradíes, G. Accuracy of a Digital Impression System Based on Parallel Confocal Laser
Technology for Implants with Consideration of Operator Experience and Implant Angulation and Depth. Int. J. Oral Maxillofac.
Implants. 2014, 29, 853–862. [CrossRef]

30. Schimmel, M.; Akino, N.; Srinivasan, M.; Wittneben, J.-G.; Yilmaz, B.; Abou-Ayash, S. Accuracy of Intraoral Scanning in
Completely and Partially Edentulous Maxillary and Mandibular Jaws: An in Vitro Analysis. Clin. Oral Investig. 2021, 25,
1839–1847. [CrossRef]

31. Resende, C.C.D.; Barbosa, T.A.Q.; Moura, G.F.; do Tavares, L.N.; Rizzante, F.A.P.; George, F.M.; das Neves, F.D.; Mendonça, G.
Influence of Operator Experience, Scanner Type, and Scan Size on 3D Scans. J. Prosthet. Dent. 2021, 125, 294–299. [CrossRef]

32. Kim, J.; Park, J.-M.; Kim, M.; Heo, S.-J.; Shin, I.H.; Kim, M. Comparison of Experience Curves between Two 3-Dimensional
Intraoral Scanners. J. Prosthet. Dent. 2016, 116, 221–230. [CrossRef]

33. Marti, A.M.; Harris, B.T.; Metz, M.J.; Morton, D.; Scarfe, W.C.; Metz, C.J.; Lin, W.-S. Comparison of Digital Scanning and Polyvinyl
Siloxane Impression Techniques by Dental Students: Instructional Efficiency and Attitudes towards Technology. Eur. J. Dent.
Educ. 2017, 21, 200–205. [CrossRef] [PubMed]

34. Lim, J.-H.; Park, J.-M.; Kim, M.; Heo, S.-J.; Myung, J.-Y. Comparison of Digital Intraoral Scanner Reproducibility and Image
Trueness Considering Repetitive Experience. J. Prosthet. Dent. 2018, 119, 225–232. [CrossRef] [PubMed]

35. Alfallaj, H.A.; Alsaloum, M.A.; Altuwaijri, S.H.; Aldibasi, O.S.; Alkadi, L.T. Procedure Time and Students’ Perception Comparing
Full Arch Digital Scans with Conventional Impressions: A Cross-Over Randomized Experimental Trial. Int. J. Dent. 2022, 2022,
6320251. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.jdent.2021.103690
http://doi.org/10.1016/j.prosdent.2021.10.017
http://doi.org/10.1922/EJPRD_01752Abduo21
http://doi.org/10.3390/ma13081982
http://doi.org/10.1016/j.jpor.2019.07.010
http://doi.org/10.11607/jomi.3343
http://doi.org/10.1007/s00784-020-03486-z
http://doi.org/10.1016/j.prosdent.2019.12.011
http://doi.org/10.1016/j.prosdent.2015.12.018
http://doi.org/10.1111/eje.12201
http://www.ncbi.nlm.nih.gov/pubmed/26960967
http://doi.org/10.1016/j.prosdent.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/28689906
http://doi.org/10.1155/2022/6320251

	Introduction 
	Materials and Methods 
	Results 
	Scanning Techniques 
	Dexis IS 3700 
	iTero 5D 
	Medit i700 
	Omnicam v 5.1.3 
	Primescan v 5.1.3 
	Trios 4 

	IOSs Inter-Group Comparison according to the Tested Scanning Strategies 

	Discussion 
	Conclusions 
	References

