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Abstract
Objectives Software-based dental planning requires digital casts and oftentimes cone-beam computed tomography (CBCT)
radiography. However, buying a dedicated model digitizing device can be expensive and might not be required. The present
study aimed to assess whether digital models derived from CBCT and models digitized using a dedicated optical device are of
comparable accuracy.
Material and methods A total of 20 plaster casts were digitized with eight CBCT and five optical model digitizers.
Corresponding models were superimposed using six control points and subsequent iterative closest point matching. Median
distances were calculated among all registered models. Data were pooled per scanner and model. Boxplots were generated, and
the paired t test, a Friedman test, and a post-hoc Nemenyi test were employed for statistical comparison. Results were found
significant at p < 0.05.
Results All CBCT devices allowed the digitization of plaster casts, but failed to reach the accuracy of the dedicated model
digitizers (p < 0.001). Median distances between CBCT and optically digitized casts were 0.064 + − 0.005 mm. Qualitative
differences among the CBCT systems were detected (χ2 = 78.07, p < 0.001), and one CBCT providing a special plaster cast
digitization mode was found superior to the competitors (p < 0.05).
Conclusion CBCT systems failed to reach the accuracy from optical digitizers, but within the limits of the study, accuracy
appeared to be sufficient for digital planning and forensic purposes.
Clinical relevance Most CBCT systems enabled digitization of plaster casts, and accuracy was found sufficient for digital
planning and storage purposes.
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Introduction

In dentistry, plaster models play an important role for treat-
ment planning and evaluation of outcomes. Additionally, they
act as auxiliary diagnostic tools for clinicians, are handed out
to technicians, and are crucial for didactic and research pur-
poses [1].

Despite their widespread usage, major drawbacks are dam-
age, loss, and storage requirements [2]. In most countries,
legal and forensic documentation require yearlong storage,
but within an extensive questionnaire conducted in the UK,
dentists reported difficulties to comply with the space require-
ments [3]. Furthermore, physical storage requirements are
usually linked to significant costs for dental practitioners [1].

The quest for cost-efficient storage policies has been re-
solved with the advent of extra-oral and intra-oral dental dig-
itizers which provide satisfactory accuracy validated in several
studies [1, 4–6].

Another major benefit of digital models is enabling
computer-assisted workflows. For this purpose, 3D planning
software usually allows for registration of digital models with
x-ray cone-beam computed tomography (CBCT). In implant
dentistry, digital planning and guided implant placement were
shown to be more accurate compared to unguided procedures
[7–11]. In orthodontics, customized appliances such as
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aligners [12], individualized brackets, and arch wires bent by
robots are fabricated based on digital casts. Recent studies
indicated that computer-assisted planning and customized
fixed appliances can increase treatment effectiveness [13,
14]. Thus, side-effects such as root resorptions which are cor-
related with treatment duration might be reduced [15].

For research and quality assurance purposes, digital pre-
and post-treatment models can be superimposed which allows
assessing the actual changes in all three dimensions [16–19].

Despite the technical advantages reported for digital
workflows, the potential benefits have to be balanced toward
costs. However, for dental practitioners who already operate
CBCT devices, buying an additional dedicated optical dental
digitizer might not be required. As suggested in previous stud-
ies, CT imaging of digital models can be an alternative to
digitization with optical devices [1, 2], and contemporary
CBCTs provide voxel sizes down to 50 μm.

To simplify adjustment of parameters for CBCT data ac-
quisition, and to simplify segmentation and surface extraction,
some vendors started to provide extra cast digitization tools.
So far, accuracy of CBCT for model digitization has been
poorly evaluated. One study validated reproducibility of
software-based automated threshold detection and geometric
accuracy of distances between predefined landmarks [20], and
another compared geometric accuracy of skull scans [21].
Even though CBCT appears to be a promising all-in-one so-
lution, data is lacking proving eligibility for cast digitization
purposes.

The aims of the present study were (i) to evaluate whether
digital models derived fromCBCTand models digitized using
a dedicated optical device are of comparable accuracy, (ii) to
compare accuracies with contemporary extra-oral cast digi-
tizers, and (iii) to assess if differences exist between different
CBCT systems.

Material and methods

Study design

Twenty models made of plaster (Fa. Wiegelmann Dental
GmbH, Bonn, Germany) were selected at random from patients
treated at the Department for Orthodontics, University Clinic
Dusseldorf, Germany. Half of the models were taken prior to
mesialization treatment and presented spaces owing to bilater-
ally missing maxillary lateral incisors, canines, premolars, first
molars, or a space surplus in a full dentate arch. The other half
of the models presented the post-treatment situation where the
dental arches had been restored by orthodontic space closure.
All models were digitized with five different optical devices
(3Shape D810, Smart Optics Activity 300, Dentaurum
OrthoX, Imetric D105, Zirkonzahn S600) and eight CBCT
systems (Acteon Whitefox, Carestream CS 8100 3D, KaVo

3D eXam, Morita Veraviewepocs 3D R100, Morita
Accuitomo, Orange Dental Green 3D, Planmeca ProMax 3D
Mid). The data acquisition parameters (Tables 1 and 2) were
selected based on recommendations of the manufacturers (if
available). Segmentation and surface extraction of the CBCT
images was performed using the White Fox software (Aceton,
Whitefox Imaging Software Version 4.0, Olgiate Olona, Italy).
Finally, the data from each digitized model were stored in the
stereolithography (STL) file format.

Image processing and registration

The image processing was performed with Meshlab ver-
sion 1.3.4 beta 2014 (Visual Computing Lab–ISTI–CNR,
https://sourceforge.net/projects/meshlab/files/latest/
download). First, the models were trimmed digitally such
that all parts outside the gingivobuccal folds and the
palatal A-line were removed. Then, each model surface
obtained from one of the CBCTs was registered with the
corresponding digital models obtained from the five opti-
cal digitization devices. The datasets representing the
plaster models obtained from an optical device were reg-
istered with the four corresponding models coming from
the remaining optical devices. All registrations were
achieved using the Balign^ feature, six manually placed
control points, and a subsequent iterative closest point
(ICP) matching (Fig. 1).

Finally, the registered and trimmed models were re-
sampled using the Bfreeze transformation matrix^ option and
stored in their new coordinates, which enabled distance anal-
yses (see below).

Distance analysis

Median distances between pairs of registered models were
assessed using the Bsurface distance^ tool in Amira 6.1.1
(FEI, Munich, Germany). Since the digital trimming pro-
cedure could not eliminate slight differences at the model
margins, the median distance, which is insensitive to out-
liers, was chosen to be the primary outcome.

Since optical devices can be considered to be Bgold
standard^ to digitize plaster models and as manufactures offer
resolutions higher than micro-computed tomography (for
large field of views, which are needed to digitize the entire
plaster cast), this group served as reference within the present
investigation. However, since differences among optical sys-
tems may exist, five competing optical devices were included
in the present study.

To assess accuracy among optical dental digitizers, the
Bexpectation value^ x for the median distance between
surfaces from different devices was computed for each
of the k plaster models using the following formula (dij
the median distance between the registered models
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digitized with device i, i = 1…5 and device j, j = 1…5, di
the respective mean value for a model digitized with i):

xk ¼ 1

5
∑5

i¼1di; di ¼ 1

4
∑
i≠ j

dij

To assess the Bexpected median distance^ (dkl) between
plaster model k digitized with a CBCTsystem l and the optical
digitizers i = 1…5, the following formula was used:

xkl ¼ 1

5
∑5

i¼1 dil

Statistical analysis

The statistical analysis was conducted using the software pro-
gram R (R Core Team [22]). Descriptive statistics were com-
puted by calculating means and standard deviations for each
group and variable. To assess the reliability and reproducibil-
ity of the alignment and distance measurements, a calibration
procedure was initiated: Repetition of the n = 40 alignment
procedures and distance measurements for one randomly se-
lected model revealed that measurements were similar at >
95% level. Welch’s t test was used to test for differences be-
tween optical digitizers and the CBCT systems (data pooled
per model) (hypothesis I: no difference exists in the distances
among models digitized optically and using a CBCT). The

Friedman test was used to assess qualitative differences
among the CBCTs (hypothesis II: no qualitative differences
exist in distances among models digitized using a CBCT). A
Nemenyi post-hoc test was utilized for pairwise comparison.
The results were considered significant at p < 0.05.

Results

All CBCT systems enabled digitization of plaster casts
(Fig. 2). One manufacturer (Carestream) provided a special
holder in conjunction with an extra toolbox for cast digitiza-
tion within their software program.

Image registration was performed successfully with
Meshlab, and subsequent surface distances between the
models were computed successfully with Amira software
(Fig. 3). Among the dedicated model digitizers, agreement
was higher (averaged median distance ± standard deviation,
0.017 ± 0.004 mm) compared to the CBCTsystems (averaged
median distance to 3D scanners ± standard deviation, 0.064 ±
0.005 mm) (Fig. 4).

When pooling the distances per model and type of
scanner, the paired t test yielded a significant mean dif-
ference (p < 0.001) of 0.046 mm between optical digi-
tizers and CBCT systems. Hence, hypothesis I stating
comparable accuracy between digital models obtained

Table 2 Data acquisition parameters for the CBCT systems

Manufacturer Software, version kV mAs FOV (height × width)
(cm)

Total integration
time (sec)

Isotropic voxel
size (mm)

Acteon, Whitefox Whitefox, Version 4.1 105 8 8 × 8 9 0.15

Carestream, CS 8100 3D CS Solutions, Dental
Imaging Software,
Version 6.14.6.3

80 2 8 × 5 15 0.15

KaVo, OP300 3D Clinview, Version 10.2.4 90 6.9 8 × 6 6.1 0.2

KaVo 3D eXam eXam VisionQ, Version
1.9.3.13

120 37.07 8 × 8 20.9 0.2

Morita, Veraviewepocs 3D R100 iDixel, Version 2.2.03 80 3 8 × 8 9.4 0.125

Morita, Accuitomo iDixel, Version 1.8 90 3 10 × 10 15.8 0.2

Orange Dental, Orange Green 3D Ex3D2009 90 6 8 × 5 5.9 0.2

Planmeca, ProMax 3D Mid Romexis Version R.3.8.1 80 12.5 10 × 10 15 0.2

Table 1 Data acquisition
parameters for the optical
digitization devices

Manufacturer Name of scanner Measurement uncertainty (μm) Remarks

3Shape D810 Approx. 10 –

Smart optics Smart Optics Activity 300 Approx. 20 –

Dentaurum OrthoX Approx. 20 –

Imetric D105 Approx. 15 With HD cameras

Zirkonzahn S600 Approx. 10 –
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from optical digitizers and CBCT had to be rejected, fa-
voring optical digitizers over CBCT.

The Friedman test yielded qualitative differences among
the CBCT system (χ2 = 85.67, p < 0.001). The post-hoc

pairwise comparison Nemenyi test identified one device
(Carestream) with significantly lower distance to the optically
obtained models in comparison to its competitors (p < 0.05)
with one exception, i.e., the Planmeca CBCT (p = 0.32). One

Fig. 2 a Slices of a CBCT images
from plaster casts in axial,
sagittal, and coronal direction,
and b outcome after segmentation
and surface rendering with the
Amira software

Fig. 1 Registration of
corresponding digital models
(performed with Meshlab). The
models digitized with different
devices are represented by
different colors
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device (eXam) had significantly lower accuracy compared to
all other CBCTs (p < 0.05), and one system (Planmeca) was
significantly better than two of its competitors (Table 3).
Hence, hypothesis II stating comparable accuracy among dig-
ital models obtained from CBCT had to be rejected, favoring
especially one digitizer with dedicated tools for plaster cast
digitization (Carestream).

Discussion

The present study aimed to assess whether contemporary
CBCT devices are eligible to digitize dental plaster casts for
legal storage as well as digital planning purposes.
Furthermore, it aimed to assess differences among common
CBCT devices and to compare accuracy with optical digitiza-
tion devices.

Previous research validated geometric accuracy of optical
digitizing devices [1, 4–6, 23]. A systematic review evaluated
digital data of a dental preparation taken with different optical
devices and a reference coordinate measuring machine and

found average discrepancies at axial preparation surfaces of
20.8 μm, and of 55.8 μm at occlusal grooves [1]. These find-
ings were confirmed within a recent study, which reported a
mean axial preparation surface accuracy of 20.3 μm [4]. The
axial values are in-line with the outcomes of the present study,
most probably, because most parts of dental models were rath-
er smooth and not undermining or as complex as occlusal
grooves.

Whereas usage of CBCT for the digitization of plaster
models has been proposed as an alternative to 3D optical
digitization [1, 2], best to the knowledge of the authors, no
studies assessed and validated geometric accuracy of this pro-
cedure until now. Despite, this technology appears promising
considering the rising availability of CBCT in dental offices.

Fig. 4 Boxplot showing the average median surface distances for models
digitized with optical scanners and CBCT. The distances between
surfaces of plaster models derived from optical devices (left) were
assessed in two steps, i.e., pairwise computation of the median
distances between all optical scans and computation of the respective
mean values for each model. The distances between CBCT and 3D
devices (right) were assessed by pairwise computation of the median
distance between each surface obtained from CBCT and optical
devices, and subsequent calculation of the respective mean values for
each model and CBCT system

Fig. 3 Heat map colored local surface distances between two
corresponding models. (Color convention: blue 0.0 mm, red 1.0 mm
distance)

Table 3 Outcomes (p values, rounded) from the pairwise comparison post-hoc Nemenyi test

Accuitomo Acteon Carestream 3D
exam

R100 OP300 Orange

Acteon 0.943 – – – – – –

Carestream < 0.001* 0.041* – – – – –

3D exam < 0.001* < 0.001* < 0.001* – – – –

R100 0.997 1.0 0.009* < 0.001* – – –

OP300 0.986 0.438 < 0.001* 0.022* 0.742 – –

Orange 0.979 0.395 < 0.001* 0.027* 0.701 1.0 –

Planmeca 0.481 0.991 0.316 < 0.001* 0.902 0.072* 0.060

Significances are highlighted with an asterisk (*)
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So far, one study digitized ten dried skulls with CBCT,
multi-slice CT (MSCT), and optical digitizing devices. To
assess accuracy of the different digitization modalities, the
distances between each image of the tested devices and refer-
ence datasets were obtained. Accuracy from CBCT images
(mean error ± standard deviation, 0.34 ± 0.38 mm) was found
inferior to MSCT (mean error ± standard deviation, 0.19 ±
0.16 mm), while images from optical devices (mean errors ±
standard deviation, 0.10 ± 0.12 mm) were found most accu-
rate [21]. The present study confirmed superiority of optical
devices. Despite, median accuracy from optical devices was
by factor five higher in the present study, and CBCT devices
were up to factor eight more accurate, albeit, accuracy ranges
varied considerably from 0.015 mm (Carestream) to
0.0245 mm (Exam) among the CBCT devices.

Another study evaluated the segmentation process for
CBCT images of dried human mandibles. The rationale was
that threshold determination procedures from different soft-
ware programs might impact on distance measurements.
However, measurements were found reproducible and accu-
rate, and comparable to measurements on the physical models
[20]. In the present study, threshold determination was per-
formed in a standardized manner with one software product
and a calibrated investigator to minimize bias owing to differ-
ent segmentation procedures.

Whenever agreement of images from different modalities is
to be evaluated, accurate registration is of paramount impor-
tance. Otherwise, distance measurements may be altered due
to inappropriate alignments. Within a previous study, repro-
ducibility of manual reference point selection on digital casts
was investigated and errors in the range of 0.25–0.56 mm
were reported [24].

Prior to the present study, we investigated the impact of
manual control point selection inaccuracies on the final regis-
tration errors. For this purpose, we developed a software pro-
gram to simulate control point selection errors in the range of
0.2–2.0 mm. The software program performed reference
point-based alignments for three up to 15 control points and
refined registration using an automated ICP matching algo-
rithm. When reference points had been selected exactly, root
mean squared (RMS) errors were below 4.29e-14 and thus
negligible. Simulation of reference point selection errors up
to 1.0 mm yielded that a minimum of six reference points was
needed to achieve accurate control point-based registration,
and registration errors again tended to zero following ICP
matching [25]. The present study reused the ten casts from
this previous investigation for which highly accurate registra-
tion had been demonstrated already to minimize potential er-
rors resulting from the alignment procedure.

When accuracies of a new technology are to be evaluated,
the new method is usually compared to a gold standard. This
allows for using Bland Altman analyses and plotting the true
deviation. In the present case, however, several optical

digitizers were available on the market, and it is not known
if one device is superior to its competitors for all possible
plaster models. Due to this, the present study computed the
expected median distance (i.e., the mean distance of all ob-
served median distances) among optical scanners and used it
as a reference value. In addition, for each model digitized with
a CBCT system, the median distances to the respective casts
digitized with optical devices were computed, and the expect-
ed median distance was again calculated as described above.

Even though it is impossible to assess the true deviation
between digital images obtained with a CBCT and an optical
scanner, the present method aimed at estimating the most like-
ly distance. Several distance measurements have been per-
formed in the present study: a total of 400 registrations and
distance measurements (5 scanners, each compared with 4
other scanners, measurements conducted for 20 different plas-
ter models) were performed to assess the expected median
distance among optical scanners, and 800 registrations and
distance measurements (8 CBCTs, compared with 5 optical
scanners, measurements conducted for 20 models) were per-
formed to estimate the distances among CBCT and optical
model scans. Hence, the respective mean values appeared to
be eligible to estimate the true distance between images ob-
tained from CBCT and optical digitizers. Despite, a limitation
of this method is that it does not account for local deviations,
which, however, has not been the goal of the present
investigation.

The present study identified significantly higher accuracies
for the optical digitizers compared to the CBCT systems.
Distances between optically and CBCT digitized models were
in the range of 45–60 μm (Fig. 4). Despite of this difference,
accuracies of models obtained from CBCT seemed to be suf-
ficient for several clinical purposes including navigated
implantology, digital orthodontic planning, and model
archiving.

Extra tools for cast digitization as provided by the
Carestream company simplified the digitization procedure.
These tools might also increase accuracy, since optimized
protocols with higher doses can be defined by the manufac-
turers. In the present study, lowest distances to models obtain-
ed from optical devices were observed for models digitized
with the CBCT having such a feature. Images from the oldest
CBCT (eXam) investigatedwere significantly inferior to all its
competitors, most probably due to technical innovations of the
more recent devices.

However, even though it is possible to digitize casts with
sufficient quality for several purposes using CBCT from a
technical/methodological viewpoint, accuracy is still inferior
to optical devices. Thus, at the moment, plaster cast digitiza-
tion using CBCT will rather be an option for dentists already
running a CBCT than replacing optical devices.

In conclusion, contemporary CBCT devices were found to
be appropriate for plaster cast digitization. Even though
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optical devices provided higher resolution, accuracy of
models from CBCT appeared to be clinically sufficient for
digital dental planning and legal storage requirements.
Whereas accuracies were comparable among most CBCT de-
vices, specific tools for cast digitization simplified the process
and might increase accuracy, whereas resolution of older de-
vices should be verified carefully prior to clinical usage.
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