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Abstract

Objectives We investigated and compared the errors

generated by multislice computed tomography (MSCT),

cone-beam computed tomography (CBCT), and digital

dental casts when used to provide digital data about dental

structures.

Methods Ten A20 skull models were scanned with

MSCT and CBCT, and dental plaster cast models were

optically scanned in three dimensions. The maxillary

dental area was then compared. The distance between the

three-dimensional scan data of the skull and each set of

digital dental data were measured. Reference data were

then overlapped with the experimental digital model using

surface-based registration. The distance of errors was

measured with the shortest distance measurement function.

The distances between each experimental digital model and

the reference scan data were measured, and error values

were determined for all maxillary teeth and each tooth

surface area. Errors were measured for all teeth from the

central incisors to the second molar on both the left and

right sides. Errors were measured from the mesial, distal,

and labial surfaces and the tooth cusp tip area for each

tooth.

Results The digital dental casts had the smallest error

(p\ 0.001). The error in the digital dental casts

(mean ± standard deviation) was 0.10 ± 0.12 mm. The

CBCT error was 0.34 ± 0.38 mm, which was significantly

greater than the MSCT error (0.19 ± 0.16 mm)

(p\ 0.001).

Conclusions We recommend the use of digital dental

casts with digital dental imaging for three-dimensional

measurement of the dental area because this technique had

the smallest errors.

Keywords Dental model � Computed tomography �
Cone-beam computed tomography � Multislice computed

tomography

Introduction

Analog measurement techniques have become relics of the

past in dentistry. Digital dental models are replacing plaster

cast models, and treatment modalities are adopting digital

technologies such as computer-aided design and computer-

aided manufacturing [1, 2].

There are two main types of digital dental imaging data:

computed tomography (CT) scan data and optical scan data

for dental models or natural teeth. CT scans generate three-

dimensional (3D) images of the craniofacial area and

provide data regarding inner anatomical structures. The

drawbacks of CT scans are radiation and metallic artifacts,

which may be present in images because of amalgam

plugs, dental prostheses, and orthodontic brackets and

which may undermine the accuracy of imaging data [3].

Cone-beam CT (CBCT) scans have recently become

widely used for dental images because of their low radia-

tion dosage requirements, increased accessibility, and rel-

atively low cost [4]. However, CBCT scans have a narrow

field of view (FOV) and may be prone to larger errors than
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multislice CT (MSCT) scans [5, 6]. Dental impression

models are being replaced by digital models, which are

easy to use and manipulate via computers and optical scan

devices [7, 8]. Although optical scans have the advantage

of not requiring radiation, they cannot be used to visualize

internal structures or regions with insufficient direct light.

Digital dental data can be used for a wide range of

purposes in dental clinics, including orthognathic surgeries,

orthodontics, restoration of teeth, and prostheses. In

orthognathic surgery, digital dental data are required to

establish a diagnosis, formulate surgical plans, manufac-

ture CAD/CAM-based surgical devices, and assist with

navigation during surgery. In orthodontics, digital dental

data are useful not only when establishing the diagnosis

and treatment plans, but also when saving and evaluating

data regarding treatment outcomes; moreover, they can be

used in place of plaster dental cast models. Digital dental

data can also be used for dental restorations and prostheses

when CAD/CAM restorative prosthetics are used. More-

over, they are useful in a wide range of other dental fields

not mentioned above. Therefore, it is imperative that digital

dental data be compared with data from other techniques.

Some previous studies have compared MSCT with CBCT

[9] or CT data with digital dental models [10], and others

have compared dental plaster models with digital dental

models for measurements [11]. However, researchers have

rarely compared all three modalities (MSCT, CBCT, and

digital dental models) within the same study.

In the present study, we compared the errors generated

by MSCT and CBCT imaging and digital dental casts when

these techniques are used to provide digital data for dental

structures.

Materials and methods

Skull models

We used 10 A20 skull models (3B Scientific, Hamburg,

Germany) (Fig. 1a). The craniomaxillary region of the

skull models was scanned with MSCT and CBCT, and

dental plaster cast models were optically scanned in three

dimensions. We then compared the digital dental data

acquired by the three types of scans.

Digital modeling with MSCT

MSCT scanning was performed with the Siemens Sensa-

tion 64 (Siemens Medical Solutions, Malvern, PA, USA)

with a 0.4375-mm pixel size, 22.40-cm FOV, and 0.6-mm

slice thickness. The MSCT settings were as follows: 120

kVp [peak], 137.5 mA, and a filter function algorithm of

H60f. CT scanning of the experimental model was per-

formed under these settings.

Digital Imaging and Communications in Medicine

(DICOM) files were opened in Mimics version 14.0

(Materialise, Leuven, Belgium). This program converts

DICOM files to stereolithography (STL) file formats. CT

DICOM data were converted to STL files under the

following settings: threshold values to construct 3D

images of the CT data were set at 226–3071 Hounsfield

units (these were the threshold values previously set for

bones in the Mimics program). The 3D structure quality

was set to the optimal 3D calculation in the Mimics

program.

Digital modeling of CBCT

We first scanned the 10 skull models by CBCT with

Implagraphy (VATECH Co. Ltd., Hwaseong, Korea). The

settings were as follows: 12.0- 9 8.5-cm FOV, 85 kVp

[peak], 7.0 mA, 24-s maximum scanning time, and 0.202-

mm voxel size. Each DICOM file was then opened in

Mimics (Materialise). DICOM data for CBCT were con-

verted to STL files by the same process used to convert

MSCT DICOM files.

Fig. 1 a Representative A20 skull model (3B Scientific, Hamburg,

Germany). b STL image of 3D light-scanned A20 model as reference

data for measuring the dental area
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Digital dental casts

Dental impressions of each of the 10 maxillary models

were taken using alginate (Alginoplast; Heraeus, Hanau,

Germany). We then constructed maxillary dental cast

models by casting the impression mold with dental plaster

(Mutsumi Chemical Industries Co. Ltd., Yokkaichi, Japan).

We created a 3D scan of each of the dental cast models

with a non-contact 3D optical scanner (Rexcan DS2;

Solutionix, Seoul, Republic of Korea) and acquired the

digital dental cast as STL format data.

3D Light scan data of skull model as reference
for measurements

Each of the 10 A20 skull models was three-dimensionally

scanned with smartSCAN (AICON 3D Systems GmbH,

Braunschweig, Germany), a non-contact optical scanner

(Fig. 1b). The camera resolution was set to 1.3 megapixels,

and accuracy was set to±15 lm. Each file was saved in STL

format. Computer interface was IEEE 1394B (FireWire�B)/

GigE, and principle of operation was the miniaturized pro-

jection technique. The smallest and largest FOVs were 30

and 1500 mm, respectively, in the sensor of the device. The

minimum acquisition time of the sensorwas 1 s, and the light

source was a white light-emitting diode. Two professional

high-resolution digital charge-coupled device cameras were

used. The 3D measurement system of AICON 3D Systems

GmbH was certified as ISO 9001:2008.

Image overlap between reference data

and experimental data for error measurement

We overlapped each of the three different 3D experimental

scan files (STL) for the skull models with optical scan

images of the skull models as reference data using the

Rapidform XOV2 program (INUS Technology, Seoul,

Korea). A surface-based best-fit algorithm was used to

overlap the data. The procedures were as follows: First, we

overlapped the 3D scan (STL) files with reference data for

the skull models for each experimental datum using paired-

point registration. Three anatomical paired points were

used to overlap the images. Next, to minimize any potential

errors, the 3D scan (STL) files and the experimental data

were overlapped based on whole-surface data from the

dental and maxillary portions of the skull models using

surface-based registration.

Error measurement and analysis

We used XOV/verifier SP2, a Rapidform program with a

heightened error-inspection function, to measure the

distance between the 3D scan data and each set of digital

dental data (i.e., MSCT, CBCT, and digital dental cast)

(Fig. 2 XOV Reference data were overlapped with the

experimental digital model using surface-based registra-

tion. The distance of the error was measured using the

shortest distance measurement function in the program

with the 3D distance measurement tool in the software. We

used the iterative closest-point algorithm to overlap the

surface-based images. The errors between the overlapped

experimental data and reference baseline data were mea-

sured using the 3D Euclidean distances at the error mea-

surement points. The t algorithm to o function in the XOV2

Rapidform software was used for error measurement.

The distances between each experimental digital model

and the reference scan data were measured, and error

values were determined for all maxillary teeth and each

tooth surface area. Errors were measured for all teeth from

the central incisors to the second molar on both the left and

right sides in each of the 10 models. Errors were measured

from the mesial, distal, and labial surfaces and the tooth

cusp tip area for each tooth. Errors were measured in each

area five times, and absolute error values were measured

Fig. 2 STL files of 3D light-scanned skull model (gray) as reference.

a STL files generated by converting the MSCT data (yellow) were

overlaid using surface-based registration methods with XOV soft-

ware. b Presentation of color-coded errors on the dental surface area

for MSCT compared with the reference
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for each scanning method. Errors in each measurement of

the surface area and tooth area were compared, and the

significance of the errors was verified by analysis of vari-

ance in IBM SPSS Statistics 21 (IBM Corp., Armonk, NY,

USA).

The error between the baseline model and experimental

data is indicated on a color-coded scale; a negative value

indicates that the experimental data are smaller than the

baseline data, and a positive value indicates that the

experimental data are greater than the baseline data. Green

represents an error between -0.1 mm and ?0.1 mm. The

blue darkens as the error nears -1 mm, and the red darkens

as the error nears ?1 mm (Figs. 2, 3, 4).

Results

The digital dental casts had the lowest error (p\ 0.001).

The error for digital dental casts (mean ± standard devia-

tion) was 0.10 ± 0.12 mm, which was significantly lower

than that for MSCT (0.19 ± 0.16 mm) (p\ 0.001). The

error for CBCT was 0.34 ± 0.38 mm, which was signifi-

cantly greater than that for MSCT (0.19 ± 0.16 mm)

(p\ 0.001).

The digital dental casts also had the smallest errors

measured from each of the four surfaces of the teeth

(p\ 0.001), with mean errors ranging from 0.08 to

0.12 mm. MSCT had a large error value at the tooth tip

(mean 0.36 mm), with mean errors in other regions ranging

from 0.11 to 0.16 mm (Table 1). Mean errors in CBCT

ranged from 0.28 to 0.38 mm. There was no significant

difference in mean errors at the tooth tip between MSCT

and CBCT (0.36 and 0.38 mm, respectively; p = 0.269).

Similarly, there was no significant difference in mean

errors in the distal areas between MSCT and digital dental

casts (0.11 and 0.12 mm, respectively; p = 0.834). Both

MSCT and CBCT yielded large errors at the tooth tip but

small errors in the distal area when the four surfaces of the

tooth were compared. By contrast, digital casts had large

errors in the distal area (Table 2).

In terms of errors associated with each tooth, digital

dental casts had the smallest errors and CBCT had the

Fig. 3 STL files of 3D light-scanned skull model as reference (gray).

a STL files generated by converting the CBCT data (green) were

overlaid using surface-based registration methods with XOV soft-

ware. b Presentation of color-coded errors on the dental surface area

for CBCT compared with the reference

Fig. 4 STL files of 3D light-scanned skull model as reference (gray).

a STL files of digital dental cast (red) were overlaid using surface-

based registration methods with XOV software. b Presentation of

color-coded errors on the dental surface area for digital dental cast

compared with the reference
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largest errors (p\ 0.001) (Table 3). For all teeth, the order

of error size from smallest to largest was digital dental

casts, MSCT, and CBCT (Table 4). The mean errors in the

digital dental cast for each tooth ranged from 0.08 to

0.12 mm and were similar to the error sizes at the tooth

surfaces. For MSCT, the mean errors from the second

molar to the central incisors ranged from 0.16 to 0.22 mm.

The mean errors for CBCT at the same areas ranged from

0.23 to 0.46 mm. CBCT yielded errors of 0.45, 0.39, and

0.46 mm at the central incisor, lateral incisor, and canine

areas, respectively. For MSCT, the mean errors from the

first premolar to the second molar ranged from 0.16 to

0.19 mm, while those from the central incisor to the canine

ranged from 0.20 to 0.22 mm. For CBCT, the mean errors

from the first premolar to the second molar area ranged

from 0.23 to 0.32 mm, and those from the central incisors

to the canine area ranged from 0.39 to 0.46 mm. For both

MSCT and CBCT, there were larger errors in the anterior

than posterior teeth area; however, the error trend was the

opposite for digital casts, where the mean errors from the

Table 1 Intersurface distances

yielded by digital dental

imaging data converted from the

three scan methods and from

reference data, measured at four

anatomical areas of the teeth

Tooth area (n = 700) MSCT CBCT Cast P value

Tooth tip 0.36 ± 0.20 0.38 ± 0.40 0.09 ± 0.12 \0.001*

Mesial area 0.16 ± 0.10 0.34 ± 0.41 0.08 ± 0.10 \0.001*

Distal area 0.11 ± 0.08 0.28 ± 0.33 0.12 ± 0.16 \0.001*

Labial surface 0.15 ± 0.10 0.35 ± 0.38 0.10 ± 0.11 \0.001*

Total (n = 2800) 0.19 ± 0.16 0.34 ± 0.38 0.10 ± 0.12 \0.001*

Values represent mean ± standard deviation of intersurface distances (mm)

p values measured by analysis of variance

MSCT multislice computed tomography, CBCT cone-beam computed tomography

* p\ 0.05

Table 2 Comparisons among

the intersurface distances

(Table 1) obtained from the

three sets of digital dental data

at the corresponding anatomical

areas of the teeth

Tooth area Order of intersurface distance Pa (MSCT/CBCT) Pa (MSCT/Cast) Pa (CBCT/Cast)

Tooth tip Cast\MDCT = CBCT 0.269 \0.001* \0.001*

Mesial area Cast\MDCT\CBCT \0.001* \0.001* \0.001*

Distal area Cast = MDCT\CBCT \0.001* 0.834 \0.001*

Labial surface Cast\MDCT\CBCT \0.001* \0.001* \0.001*

Total Cast\MDCT\CBCT \0.001* \0.001* \0.001*

MSCT multislice computed tomography, CBCT cone-beam computed tomography

* p\ 0.05
a p values calculated by post hoc test with Tukey’s method; significant differences noted between the

intersurface distances produced by the three different data sets

Table 3 Intersurface distances

yielded from digital dental

imaging data converted from the

three scan methods and from

reference data, as measured at

each tooth

Tooth (n = 400) MDCT CBCT Cast P value

Central incisor 0.22 ± 0.14 0.45 ± 0.43 0.08 ± 0.10 \0.001*

Lateral incisor 0.20 ± 0.16 0.39 ± 0.41 0.08 ± 0.08 \0.001*

Canine 0.21 ± 0.17 0.46 ± 0.49 0.08 ± 0.09 \0.001*

First premolar 0.19 ± 0.17 0.26 ± 0.25 0.10 ± 0.11 \0.001*

Second premolar 0.19 ± 0.16 0.23 ± 0.22 0.11 ± 0.17 \0.001*

First molar 0.18 ± 0.17 0.25 ± 0.34 0.10 ± 0.13 \0.001*

Second molar 0.16 ± 0.13 0.32 ± 0.40 0.12 ± 0.15 \0.001*

Total (n = 2800) 0.19 ± 0.16 0.34 ± 0.38 0.10 ± 0.12 \0.001*

Values represent mean ± standard deviation of intersurface distances (mm)

p values measured by analysis of variance

MSCT multislice computed tomography, CBCT cone-beam computed tomography

* p\ 0.05
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first premolar to the second molar area ranged from 0.10 to

0.12 mm and the mean error from the central incisors to the

canine area was 0.08 mm.

Discussion

Digital dental casts had the smallest errors overall, and

CBCT had the largest errors in the dental area. The dif-

ferences in errors among digital dental casts, MSCT, and

CBCT were statistically significant.

In the teeth area, there were large errors at the tooth tip

associated with MSCT (mean 0.36 mm) and CBCT (mean

0.38 mm), but the difference in the errors between the

two methods was not significant (p = 0.269). The mean

error at the tooth tip for the digital dental casts was

0.09 mm; there was *0.3 mm of difference in the mean

errors between MSCT and CBCT compared with the

digital dental casts. The difference for MSCT may have

been induced by the slice thickness during MSCT scan-

ning. For CBCT, the mean errors were *0.3 mm overall;

the mean errors in the four surfaces of the teeth ranged

from 0.28 to 0.38 mm. This difference in CBCT may

have resulted from the voxel size of the CT device [12].

Higher resolution with a smaller voxel size (0.202 mm)

than that used in this study may yield more accurate

dental measurements.

For MSCT, the mean errors from the central incisors to

the canines ranged from 0.20 to 0.22 mm. The mean errors

in the same region for CBCT ranged from 0.39 to 0.46 mm.

For CBCT, there were larger errors in the anterior tooth

than in the posterior tooth area, ranging from 0.23 to

0.32 mm. This may be due to the fact that the anterior tooth

area has narrower mesial and distal areas and a smaller

incisal edge area. In addition, longer distances between the

cone beam source and the tooth area (e.g., molars and

incisors) may have resulted in larger errors [13]. Con-

versely, there were similar mean errors in the posterior

tooth area (*0.1 mm) than in the anterior tooth area

(0.08 mm) in the digital dental casts. However, the errors

yielded by the dental casts might have been the result of

errors made during the dental impression and plaster cast-

making processes.

Recent advances in and the wide availability of CT have

allowed dentists to construct 3D images of the maxillofa-

cial region, permitting more accurate measurement of

structures in this region. In addition to dental measure-

ments, imaging technologies have enabled the development

of more methods of 3D analysis of dental structures based

on various reference planes and points compared with

traditional analog measurements of dental casts [14].

Previous studies that compared CBCT with digital

dental casts and facial casts based on linear measurement

references found that digital dental casts and facial plaster

casts were more accurate than CBCT [15, 16]. The results

of the present study are in line with these previous studies;

we also found that digital dental casts had the smallest

error.

The process of analyzing digital images on a computer

can be affected by a number of error types [17]. For

example, there may be errors in the measurement tech-

niques used by the hardware or software of CT equipment.

Moreover, image errors may result from the settings used

for imaging and software, such as the matrix size, slice

thickness, and voxel size. A previous study compared CT

images of the mandible when CBCT was used and reported

that the settings of CBCT could be adjusted to a lower kVp

and mA when the error in the cross-sectional images was

not significant under the following CBCT settings: 60, 80,

100, and 120 kvP, and 10 and 15 mA [18]. The CBCT

Table 4 Comparisons among the intersurface distances (Table 3) obtained from the three sets of digital dental data according to each tooth area

Tooth Order of intersurface distance Pa (MDCT/CBCT) Pa (MDCT/Cast) Pa (CBCT/Cast)

Central incisor Cast\MDCT\CBCT \0.001* \0.001* \0.001*

Lateral incisor Cast\MDCT\CBCT \0.001* \0.001* \0.001*

Canine Cast\MDCT\CBCT \0.001* \0.001* \0.001*

First premolar Cast\MDCT\CBCT \0.001* \0.001* \0.001*

Second premolar Cast\MDCT\CBCT 0.015* \0.001* \0.001*

First molar Cast\MDCT\CBCT \0.001* \0.001* \0.001*

Second molar Cast\MDCT\CBCT \0.001* 0.035* \0.001*

Total Cast\MDCT\CBCT \0.001* \0.001* \0.001*

MSCT multislice computed tomography, CBCT cone-beam computed tomography

* p\ 0.05
a p values calculated by post hoc test with Tukey’s method; significant differences noted between the intersurface distances produced by the

three different data sets
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equipment used in the present study was set from 50 to 90

kVP and 4 to 10 mA. Furthermore, we presume that the

image impression of the experimental model in this study

can be taken under these settings because it was a simple

manufactured skull model. However, although this study

set the CBCT at 85 kvP and 7 mA for CT scanning of the

experimental model, these settings may provide insufficient

evidence. Additional studies on other optimum CBCT

settings using actual human cranial bones or soft tissues are

required, and future studies should proceed based on these

optimum CBCT settings.

We acquired CT images by MSCT in this study. In

MSCT, there are correlations among accuracy, slice

thickness, and voxel size [19]. Compared with MSCT,

CBCT has a relatively small scan FOV that ranges from 15

to 20 cm, and it is deemed most accurate in the middle of

the image in the scan field [20]. Because of its small

radiation dosage, CBCT is becoming increasingly popular

in the dental field, and it is frequently used to generate

maxillofacial images [4]. Although CBCT is limited in

terms of the regions it can scan, it is highly efficient for

scanning the jaw region, although this depends upon the

anatomical size and accessibility of the jaw. More studies

of CBCT in dentistry are underway. Although its accuracy

is acceptable, it may not be as good as that of MSCT [5, 6,

9, 21]. Nevertheless, CBCT is often preferred over MSCT

because of its low radiation dosage and high-quality ima-

ges [22]. It should be noted that in the present study, larger

errors were associated with CBCT than with MSCT. This

study used only one type of equipment to perform CBCT

and MSCT. Future studies should conduct experiments

with various types of CT equipment.

We believe that the data acquired via 3D optical scan-

ning of the jaw would have some degree of error in terms

of the actual size of the jaw model. It is difficult to use

contact scanners on sizable and complex anatomical

structures, such as the skull, and non-contact scanners may

induce errors that are insignificantly different from those

induced by contact scanners [23].

Importantly, the measurement method for reference

must be more accurate than that used in the experimental

measurement groups. The present study used the non-

contact 3D optical scanning method for reference mea-

surement. It is easier to acquire data with a non-contact 3D

optical scanner, but the scanner has limitations in capturing

data from anatomical structures with blind spots not

reached by light. CT images can provide skull data,

including information on the internal structures, but errors

may be induced by the equipment, CT settings, and image

slice thickness. In a comparative study of the accuracy of

MSCT and CBCT at the dental implant site, the overall

mean of the absolute error of MSCT and CBCT was 0.75

and 0.49 mm, respectively [24]. These CT device errors

may differ by the CT equipment used, the environmental

image-taking settings, and the imaging software. In the

present study, the camera resolution was set to 1.3

megapixels, and the accuracy was set to ±15 lm in the

optical scanner for reference measurement. Although the

above-mentioned study [24] could not completely show the

error of MSCT and CBCT for dental measurement, the data

obtained from optical scanning in the present study can be

regarded as reference data in the point of accuracy.

Each image datum of the 3D light-scans was automati-

cally combined in the software using the least-squares

registration function. There may be another error in this

process. Although light-scans as reference data may have a

little error in the scanning process and scanner equipment

itself, they can be considered a research method tool.

Previous reports using light-scans as reference data showed

the determination between experimental imaging and ref-

erence data in each study [25–27]. Furthermore, the present

study compared the acquisition of surface information for

dental measurements. The 3D optical scanning data act as a

baseline with which to compare the experimental results,

rather than an accurate representation of the size of the jaw.

We believe that a study method will be developed in the

future to measure the absolute size of the jaw and teeth as

the gold standard reference data from which additional

dentomaxillofacial errors can be measured.

One of the drawbacks associated with using CT in

dentistry is that the images may have metallic artifacts that

can cloud interpretation of the images. Dental CT images

may need to be substituted with other accurate digital

dental data because they are distorted by the presence of

metal artifacts and thus cannot accurately display the

occlusal conditions of the jaw to the extent required for

treating dentofacial deformity [25]. Digital jaw images that

convey dental and occlusal information have enabled

simulation surgeries that allow surgeons to predict the

displacement of neighboring bone fragments and to man-

ufacture surgical guides and devices [28]. For CT images,

however, prosthodontics or orthodontic brackets in the

dental region may result in metallic artifacts and distort the

images. In such cases, therefore, alternative dental images

may be required for a more accurate representation of the

occlusal and dental conditions of patients [26].

We used a 3D optical scanner designed for plaster

models to scan the dental plaster models in this study. It

is impossible to optically scan a jaw model with the same

equipment. A scanner used to scan a jaw model can also

be used to three-dimensionally scan a plaster model;

however, it is easier to conduct the experiment and

acquire data using a dental scanner that automatically

overlaps data collected from each direction. In addition,

dental plaster model scanners are used in the clinical

setting. Therefore, the present study used different
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scanners to scan the dental plaster model and the skull

model. Various 3D light-scanning methods are used to

scan dental cast models or impression materials or even

the natural teeth using an intraoral scanner. Use of dental

impression materials may be easier than use of a direct

chairside intraoral scanner [29]. Further research on

intraoral dental scanners is needed for verification.

However, although optical scans have an advantage in

that they do not require radiation, a downside is that they

cannot visualize internal structures and regions without

sufficient direct light.

This study has some limitations that should be noted.

First, fresh cadavers are the ideal model with which to

investigate CT or 3D optical scanning to measure errors in

human studies. We used manufactured craniofacial models

instead of fresh cadavers or dry skulls for this study

because the use of fresh cadavers can lead to errors due to

anatomical dental or bone defects and prosthodontics. In

future studies, it will be necessary for researchers to use

intact real human skulls with whole teeth or experimental

materials similar to those of the human body to confirm the

reliability of our results. Second, when converting CT

image data to the STL file format, the results may be

affected by the 3D reconstruction and converting algo-

rithms used by each type of software [27]. In this study, we

used only one type of software to convert DICOM data to

STL files under identical conditions. Therefore, we assume

that there were no significant differences in processing

among the converted images. However, it should be noted

that errors can occur during the conversion process from

the DICOM to STL file format. Third, for measurements of

error, experimental data must be compared with reference

data. In the present study, we overlapped each experi-

mental digital data point with reference data using a sur-

face-based registration method for this task. For the

registration procedure, voxel-based registration can also be

used.

In conclusion, among the different types of digital

technologies used to image dental areas, digital dental casts

had the smallest errors. MSCT had smaller errors than

CBCT. The present study showed an *0.3-mm overall

mean error associated with CBCT. In addition, there may

be larger errors in the anterior than posterior tooth area in

CBCT images. We recommend the use of digital dental

casts for 3D measurement with digital dental imaging.
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