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Abstract: Intraoral three-dimensional scanning techniques could be used to improve dental practice,
leading to an improved overall quality of the prosthetic devices and improved comfort for the
patient. An accurate and precise intraoral scanner allows proper diagnosis, follow-up evaluation,
and prosthesis application. The aim of this research is to evaluate the precision of an intraoral
scanners (Medit i500, Medit Corp., Seoul, Korea), using open-source software in the digital workflow.
The precision was compared through repetitions of the scanning process of the upper dental arch,
following superimpositions in the whole 3D arch area. It was possible to display colorimetric maps
for qualitative comparison, and the deviations of the values were classified as clinically acceptable.
Within the limitation of this study, the clinically acceptable in vivo frequency of points’ deviation, or
the precision, was obtained in 98.8% ± 1.4%; therefore, the use of open-source software can be a viable
option in the digital workflow, improving patient follow ups with the 3D model superimposition.

Keywords: intraoral scan; conventional impression; digital impression

1. Introduction

Intraoral scanners (IOSs) play a fundamental role in dentistry as the starting point
of a digital workflow for prosthetic planning and fabrication. This workflow could also
include the computer-aided design/computer-assisted manufacturing (CAD/CAM) phase
to create precise prosthetic parts [1–3].

When compared to analog impressions, the digital ones are considered faster, easier
to store and distribute, have improved patient acceptance, and allow a real-time three-
dimensional previsualization of the scanning surfaces [2,4,5]. Nevertheless, the presence of
saliva, crevicular fluid, or blood over the tooth surfaces and gingiva, as well as the patients’
movements, can lead to scanning errors [3,6,7].

Intraoral scanners are based on many noncontact optical technologies such as confocal
microscopy, optical coherence tomography, active and passive stereovision and triangula-
tion, interferometry, and phase shift principles; moreover, these technologies are usually
combined for use in the intraoral cavity [8].

The information collected by these cameras are software processed, which accurately
reconstructs the 3D model of the desired structures. This technology is the same as that
used by industrial scanners [9].
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In all IOSs, the light projection is recorded as individual images or video and compiled
by a software after recognition of the POI (points of interest). Moreover, the surface
reconstruction can be obtained from a compilation of images, a video, that comprises
several images per second in a continuous data flow, or per wave analysis [10].

Thus, despite the advantages obtained through the use of IOSs, more in vivo eval-
uations of the accuracy of different scanners should be performed, in order to establish
digital impressions as a suitable alternative to conventional impressions, which are still
considered the gold standard in fixed prosthodontics [3,11].

Accuracy is represented by the combination of trueness and precision. Trueness,
defined as the ability to capture the real entity of a measure [3,12–14], can be evaluated
by comparing digital impressions to conventional impressions made with highly accurate
impression materials such as polyvinyl siloxane or polyether [3].

On the other hand, precision is defined as the ability to capture the same measures
(set of values) with subsequent digital impressions [12–14]. The smaller the dispersion of
the data set, the higher the precision obtained [15].

During the intraoral scanning process, multiple images are obtained and superim-
posed to create the final 3D surface data (stereolithography). Errors mainly occur during
the process of integration of that scan data, as the larger an object to be scanned is, the
bigger is the number of images to be processed, giving, as a result, more dimensional
inaccuracies [16].

The precision of full-arch scans using IOSs has been widely evaluated with in vitro
studies using dental casts as the reference object to be scanned, thereby not evaluating
the associated in vivo scan errors due to optical reflections of natural teeth, intraoral
environment humidity, or patient movement [7]. However, the number of studies that
have evaluated the precision of full-arch scans directly from a patient’s oral cavity is
limited [16,17]. Kwon M. et al. reported an absolute mean precision value of 56.6 ± 52.4 µm
for different intraoral scanners (i500, CS3600, Trios 3, iTero, and CEREC Omnicam), showing
that it is possible to perform this kind of evaluation with an in vivo subject [16].

Medit i500 is an intraoral scanner that uses imaging processing based on a 3D-in-
motion video technology. The manufacturer declares an in vitro precision of 3.2 µm ± 0.49
for a single tooth, 6.3 µm ± 0.63 for quadrants, and 22.6 µm ± 7.55 for full-arch models. In
addition, lower precision was reported when the company performed in vivo measurement
(precision values of 10 µm, 25 µm, and 50 µm, respectively).

The software available to perform a 3D superimposition comparison are not always
available free of cost, making the open-source approach an interesting option.

Open-source software are developed with the aim of being applied as freely available
solutions that can be used and modified [18]. However, the dental literature reported that
open-source tools in dentistry were classified as scarce, incomplete, and methodologically
presenting low-quality information [18].

Therefore, the aim of the present clinical study is to evaluate, in vivo, the precision
of the Medit i500 intraoral scanner (IOS) in subsequent full-arch scans using open-source
software. The null hypotheses were as follows:

(1) There are no differences in the measures (set of values) caught in the successive digital
impressions.

(2) No significant differences in each scan expressed as clinically acceptable when consid-
ering a threshold of <0.3 mm [19].

2. Materials and Methods

The present study included 5 intraoral scans of 1 voluntary participant. The de-
cayed, missing, filled teeth index (DMFT) of the patient, considered was 0 considering the
maxillary arch and excluding all the third molars. The study protocol was performed in
accordance with the institutional research committee and the 1964 Helsinki declaration and
its later amendments.



Prosthesis 2022, 4 556

The volunteer’s maxilla was scanned 5 times in sequence, after a ten-minute rest-
period, by the same skilled operator, with a conventional intraoral scanner Medit i500
(Medit Corp., Seoul, Korea) using the company’s software (Medit Link version 2.5.2 build
376 Revision 27 520).

The operator is defined as skilled as they graduated in dentistry more than 10 years
ago and use an IOS on a daily basis.

This scanner device does not require powder opacification of the teeth to be scanned,
so the teeth were only air dried. Prior to each scan, the IOS was calibrated following the
manufacturer’s instruction. Then, the lip retractor (Mirahold, Hager, Germany) was placed,
and teeth were dried with compressed air.

The scans were performed following the manufacturer’s instruction for the scan
strategy; beginning from the occlusal surface of the second right molar, proceeding toward
the second left molar, going back scanning the buccal side in the left to right direction and
the palatal side in the right to left direction. In each scanning process, careful attention was
given to the scan reliability map showing the most precise color scale value (green).

The scanner software, during the manual movements, expresses the approximate
reliability using a colorimetric scale from red to green (less reliable to more reliable),
allowing the operator to complete the scan with the best-fit 3D data.

The 3D files were exported from the scanner software in a standard OBJ format
(Figure 1).
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Figure 1. Flowchart summarizing the software sequence and the objective of each step.

The exported file also contains the gingival surface, which is a source of error for a
deviation in measurement. To overcome this inconvenience, the elimination of the soft
tissue was performed before proceeding with the 3D superimposition analysis (Figure 2).
This step is optional and can be applied for a better qualitative view of the interest region.
For that, an open-source software (Autodesk Meshmixer version 3.5.4) was used.

This software is classified as a prototype design tool based on high-resolution dynamic
triangle meshes, allowing the use of a filter based on the crease angle, which makes it
possible to eliminate the soft tissue and keep only the teeth in a user-friendly process.

Using another open-source software (Cloud compare version 2.12), the 3D files from
the maxillary arch were aligned. The alignment was first manually performed, identifying
6 pairs of coincident points and then using the Iterative Closest Point (ICP) algorithm to
perform the 3D superimposition. Subsequently, the alignment allows the evaluation of the
difference in terms of deviations.
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Figure 2. Representative scheme of the removed area (soft tissue) and the area of interest for
measurement (teeth).

The aligned 3D files were then converted into point clouds with approximately five
million points for each virtual model. Individual deviation analysis was performed for each
obtained model using a color map, in order to test the precision of the measurements. This
process simulates the follow up performed in different visits to the dental office, allowing
the comparison between different periods of a patient’s life.

Statistical analysis was performed using SPSS for Windows, version 22.0 (IBM, New
York, NY, USA), considering the deviation distribution expressed in percentage, mean
values, and standard deviation.

3. Results

Each impression was categorized as a crescent number, and for each comparison
between two 3D files (number vs. number), the deviation data were exported and expressed
in millimeters (Figures 3 and 4). It is possible to observe that there is a similar trend between
the comparisons regardless of the model that was used.

The use of a colorimetric map shows the data using a colorimetric scale in the scanned
models’ comparison. A representative map is summarized in Figure 5 showing the regions
with highest divergence in terms of precision.

The cumulative frequency of points with deviation below various thresholds for each
pair of models was expressed in percentage with the mean value and standard deviation
(Table 1).
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Table 1. Percentage of points below determined deviation thresholds.

Pairs of Scans Deviation <
0.01 mm

Deviation <
0.05 mm

Deviation <
0.1 mm

Deviation <
0.2 mm

Deviation <
0.3 mm

Deviation <
0.4 mm

1 vs. 2 2.9% 48.5% 77.9% 96.2% 99.8% 100.0%
1 vs. 3 2.4% 49.2% 82.1% 94.8% 98.4% 99.4%
1 vs. 4 3.5% 79.5% 97.5% 99.6% 99.9% 100.0%
1 vs. 5 2.3% 46.0% 75.6% 97.2% 100.0% 100.0%
2 vs. 3 2.3% 36.2% 67.2% 92.3% 97.0% 99.1%
2 vs. 4 2.5% 59.4% 82.9% 97.0% 99.5% 99.7%
2 vs. 5 6.6% 78.7% 96.1% 99.6% 99.9% 100.0%
3 vs. 4 1.9% 42.0% 77.7% 93.4% 97.3% 98.9%
3 vs. 5 1.2% 29.4% 59.9% 90.1% 95.9% 98.4%
4 vs. 5 2.8% 55.6% 83.0% 98.6% 100.0% 100.0%
Mean 2.8% 52.4% 80.0% 95.9% 98.8% 99.6%

Standard dev. 1.4% 15.6% 10.9% 3.0% 1.4% 0.5%
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Figure 5. Colorimetric map generated by the 3D models’ superimposition.

The analysis of the data for the clinically acceptable threshold of <0.3 mm precision
shows an overall cumulative frequency of point deviation precision of 98.8% ± 1.4%, and
for <0.2 mm a precision of 95.9 ± 3%.

4. Discussion

To date, the reliability and accuracy of intraoral digital impressions using IOSs can be
guaranteed for those prosthetic preparations with visible margins scanned in the absence of
blood and/or saliva flow. Besides, scientific evidence has proven digital impressions with
IOSs to be a suitable alternative, or even superior, to conventional impressions, performed
with highly accurate impression materials such as polyvinyl siloxane or polyether, in cases
of a single tooth or short spans [20–25].

On the other hand, in the current literature, there is no concordance about the di-
mensional accuracy of full-arch digital impression when compared to the accuracy of
conventional impressions. Literature reports that one of the weak points of IOSs is full-arch
scans where multiple restorations on teeth and/or implants are involved [16,26,27].

The main reason for this dimensional inaccuracy is the cumulative and systematic
errors in image or video superimposition while the scan of the arch is being executed. [26]
This explains why when larger intraoral spans are scanned, errors and, therefore, inaccuracy
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may increase; a larger number of raw images or videos that need to be processed and
superimposed leads to errors in the arch dimension and deformation of the arch shape.
This aspect is reported as particularly evident in the molar region [16,26–28].

In order to reduce this issue, the need for scanning protocols or precise sequences
becomes evident. These impression techniques, usually described and recommended by
the manufacturer, allow a reduction in the final amount of stitching (superimpositions),
thus decreasing the final cumulative error obtained [29–33].

In the case of the IOS i500 (Medit), the impression strategy for the upper jaw, rec-
ommended by the manufacturer and followed in this study, starts scanning the occlusal
surfaces from the left/right maxillary second molar to the right/left maxillary second
molar, followed by the buccal surfaces and ending with the palatal ones.

However, an in vitro study compared the three-dimensional (3D) distortion of complete-
arch scans scanned with six IOSs (i500, Medit; TRIOS2; 3Shape A/S, TRIOS3; 3Shape A/S,
CS3500; Carestream Dental, CS3600; Carestream Dental and Primescan; Dentsply Sirona)
using two different scan strategies and reported that a modified scan strategy based on
first scan from the left maxillary second molar to the right maxillary canine and then from
the left maxillary canine to the right maxillary second molar improved the accuracy of the
IOSs in complete-arch scans [34].

The precision can be considered in two ways: repeatability, as in the precision when
the operator measures the same object several times in the same environment; and repro-
ducibility, which evaluates whether the results are consistent when different operators
perform the scan or when the scanning environment has changed [35–37].

The precision of full-arch scans using IOSs has been widely evaluated in in vitro studies
using dental casts as the reference object to be scanned, avoiding then, associated in vivo scan
errors such as natural teeth optical reflections linked to the humid intraoral environment, as
well as patient movement, which can increase full-arch scan inaccuracies [6,38–42].

The aim of this paper was to evaluate whether repeated in vivo scans show dimen-
sional deviation. One strong point of our research is related to the in vivo analysis setting
which resembles a real clinical use of the device and thus gives clinically reliable data.

Considering the IOS software’s stitching process, our analysis provides information
on the reliability of this process to understand whether some factors could modify the
overall scans’ precision and, thus, the precision of the prosthesis that will be manufactured.

The analysis of the data for the clinically acceptable threshold (<0.3 mm) shows an
overall cumulative frequency of point deviation precision of 98.8% ± 1.4%; therefore, the
null hypotheses were rejected.

The colormap analysis showed no clinically relevant discrepancy when evaluating
and comparing the different scanned areas.

Further, previous authors [42] investigated the impact of soft tissue on the precision
obtained in full-arch scans with different partial edentulous spans, by using two intraoral
scanners (Medit i500 and Carestream CS3600). Regardless of the type of intraoral scanners
used, a similar trend was shown. Surface deviations were primarily located on the side
that included the partially edentulous area; moreover, the results exhibit that the precision
was significantly lower when scanning full dental arches with five or more missing teeth.

Another strong point of this research was the evaluation of the in vivo precision of IOS
full-arch scans, without the soft tissue. The main source of deviation in similar analyses
could be related to the soft tissue scans’ difficulty, which is linked to increased deviation
data; therefore, to obtain clinically reliable data we decided to evaluate only the teeth area.

As previously mentioned, the main limitation of an actual IOS is represented by the
process of stitching together a larger number of raw images or videos. Moreover, it has
been reported that objects that have a complex geometric shape, such as the occlusal surface
of teeth, produce more reliable reconstructions [37]. Contrarily, in those scanned items with
flat and smooth surfaces, for instance, edentulous areas, errors in the alignment of scan
data may be greater. This fact justifies the reduction in the repeatability of full-arch scan
data in cases of large edentulous sites [37,38].
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A similar conclusion was reached in a posterior in vitro study, wherein, after measur-
ing the virtual files in a linear manner instead of superimposing 3D data, authors reported
significant differences in precision between edentulous versus dentate full-arch scans (pre-
cision values of <441 µm versus <311 µm, respectively), as well as, in partial edentulous
spans (precision values of <97 µm for edentulous and <54 µm for dentate scans). The A.A.
concluded that full-arch scans with IOSs, especially, the edentulous ones, are less reliable in
comparison with the sectorial ones and that, with respect to sectorial scans, all IOSs have
better accuracy in spans of approximately 16 to 22 mm in relation to the complete-arch
scan [37].

Ender A. et al. [31] also evaluated the accuracy of numerous IOSs, such as the i500
Medit, for complete and partial dental impressions. They evidence, as in previous studies,
suggested that digital intraoral impressions have become a suitable alternative to conven-
tional ones in cases of partial-arch impressions showing the highest accuracy in posterior
areas, with deviations below 50 µm for all test groups, in comparison to anterior ones. Besides,
it was concluded that the accuracy obtained in full-arch impressions remains challenging.

Although previous authors [31,38] described in their studies precision values from
52.3 to 66.3 µm for in vitro full-arch scans with the IOS i500 Medit, Michelinakis et al. [43]
reported lower precision values, but in any case, they exceeded an average accuracy of
100 µm.

In an in vivo study, Kwon M. et al. reported an absolute mean precision and a trueness
value of 56.6 ± 52.4 µm and 76.6 ± 79.3, respectively for all intraoral scanners evaluated
(i500, CS3600, Trios 3, iTero, and CEREC Omnicam) [16].

An important aspect that needs to be considered when evaluating the data retrieved
from the literature is in regard to the operator’s experience, which has been shown have a
direct impact on outcome.

The greater the experience an operator has, the lesser time/number of images required
to complete the scan [44]. Although there was no consistent decline in the study by Róth,
the variation in the scanning time and the number of images needed to have a complete
reconstruction sheds light on the importance of the operator’s experience [45].

In our study, we decided to perform the intraoral scans using an experienced operator
to have less bias related to this aspect.

If we consider a threshold value of <150µm of accuracy for a fixed dental prosthesis [2,37,44],
and a clinically acceptable range between 50 and 90 µm for implant-supported multiunit
restorations [46–49], the results on accuracy with IOSs reported in the previous studies
indicate that digital impressions direct from IOSs are a suitable alternative to conventional
impressions in cases of partial spans and that this becomes controversial in the case of
complete-arch scans.

The limitations of this study include a reduced sample of one participant, as well as,
that the accuracy of the complete-arch scan it is only assessed in terms of precision. Further
in vivo studies with a larger number of participants are needed in order to evaluate in
more realistic practice the accuracy obtained in full-arch scans with IOSs under clinical
conditions in terms of trueness and precision.

5. Conclusions

Within the limitations of this study, the clinically acceptable in vivo frequency of point
deviation precision (<0.3 mm) was obtained as 98.8% ± 1.4%. Moreover, the use of open-source
software appears to be a reliable option to assess the precision of the Medit i500 scanner.
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