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KEYWORDS Abstract Background/purpose: Computer aided implant surgery has been widely adopted in
Fiducial markers; modern implant dentistry. However, absence of reliable anatomic landmarks for superimposing
CBCT: digital data sets for patients with terminal dentition or complete edentulism remained chal-
Volumetric analysis; lenging. Utilization of additional fiducial markers intraorally as the reference points for the
Artifacts; improvement of accuracy became crucial in implant digital workflow. Nevertheless, the choice
Alignment of the material for fiducial markers should present the least radiographic artifacts under cone

beam computed tomography (CBCT) for better accuracy. The aim of this in vitro study was to
investigate the volume of radiographic artifacts generated through different materials under
the image of CBCT.

Materials and methods: Fifteen dental materials were selected and configured into cubic
shape. All the materials were scanned initially with the laboratory scanner as the control
groups. The samples were scanned by CBCT machine as test groups and the volume of artifact
generated under CBCT images were compared and analyzed using 3D modeling software.
Results: Eleven out of fifteen materials could be recognized under CBCT images. Volumetric
analysis reported that statistically significant differences among the materials could be noted,
and the flowable composite resin presented the least volumetric difference. Lithium disilicate
glass-ceramic, flowable composite resin, and gutta-percha presented the least deformation
and maintained their cubic shapes.
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Conclusion: The results of the present study may imply that flowable composite resin
compared to all ceramic materials, amalgam and gutta-percha may be a preferable choice
when utilized as fiducial markers under CBCT images.

© 2023 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

Development in computer aided implant surgery has facil-
itated prosthetically driven implant placement.” Such sur-
gical approach utilizes pre-operatively planned templates
customized to the patient’s anatomy. Adequate three-
dimensional (3D) placement of a dental implant is a pre-
requisite for successful implant therapy.”

Digital workflow starts with obtaining accurate digitized
scans of the patient. Alignment of such multiple datasets
has allowed 3D virtual surgical planning. In cone beam
computed tomography (CBCT) imaging, delineation of the
dentition and soft tissue is still arduous. For that purpose,
alignment of multiple datasets such as standard tessellation
language (STL) of surface scanning data representing the
patient’s oral environment and digital imaging communi-
cation of medicine (DICOM) files from CBCT images is a
necessity. For dentate patients, dentition is utilized as
landmarks for dataset alignment. In contrast, in the case of
edentulous patients procuring an optimal alignment may
prove to be challenging due to lack of reliable landmarks.
Under such circumstances, utilization of adequate artificial
landmarks (fiducial markers) may be beneficial for image
registration of the optical intraoral scan to CBCT image.
The material of choice for fiducial markers should be easy
to acquire, configure and scanned intraorally yet reflecting
radiopacity with minimal radiographic artifacts generated
under CBCT images.>

CBCT imaging is a volumetric imaging technique, which
the detector accumulates multiple 2D projection images at
various angles to mathematically construct into a 3D image.
Almost all commercially available machines utilize Feld-
kamp algorithm® either in its original form or in various
modifications.> The Feldkamp algorithm only approximates
the line integrals, one consequence is that its quality de-
grades with increasing detector angles.® This factor in
combination with other insufficiencies inherent in the
measurement and reconstruction process introduces arti-
facts into the cone beam data sets.” Dental materials may
have different attenuation coefficients compared to bone
or soft tissue.® Beam hardening, with scatter and noise
artifacts, were reported to be the most prominent artifacts
induced by high-density objects in the beam.” Artifacts may
decrease the accuracy of alignment processes between
radiographic data and surface data.® Nevertheless, there
are limited reports in the body of the literature discussing
the ideal material recommended for fiducial markers in
consideration of radiopacity and relative artifacts under
CBCT images.’ To find materials that are convenient and
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affordable, we randomly collected materials from a dental
clinic and a dental laboratory.

The primary aim of this in vitro study was to investigate
radiographic artifacts generated from different fiducial
markers under CBCT images.

Materials and methods

Sample preparation

Fifteen dental materials were tested and included the
following: feldspar ceramic (VITABLOCS® Mark Il, VITA
Zahnfabrik, Bad Sackingen, Germany), lithium disilicate
glass-ceramic (IPS e. max® CAD, Ivoclar Vivadent, Schaan,
Liechtenstein) pre-sintered and post-sintered, zirconia-
reinforced lithium silicate (ZLS) ceramic (Celtra Duo,
Dentsply Sirona, York, PA, USA) pre-sintered and post-
sintered, hybrid ceramic (VITA ENAMIC®, VITA Zahnfabrik,
Bad Sackingen, Germany), zirconia 3Y-TZP (3D pro-Zir®,
Aidite technology, Qinhuangdoo, China), polymethyl
methacrylate (PMMA) (Ceramill® temp, Amann Girrbach
North America, Charlotte, NC, USA), bis-acrylic composite
(Protemp™ 4, 3 M, Saint Paul, MN, USA), packable com-
posite resin (Grandio, VOCO Gmbh, Cuxhaven, Germany),
and flowable composite resin (Grandio Flow, VOCO Gmbh,
Cuxhaven, Germany), gutta-percha (Obtura Flow 150®,
Obtura Spartan Endodontics, Algonquin, Il, USA), glass
ionomer composite liner (lonoseal®, VOCO America, Indian
Land, SC, USA), resin-modified glass ionomer restorative
(Fuji Il LC®, GC America, Alsip, IL, USA), amalgam (Per-
mite, SDI Limited, Victoria, Australia). Each material was
configured into 2 x 2x2 mm cubes (Figs. 1 and 2).

Dental laboratory scan and radiographic scan

First, materials were scanned with a laboratory scanner
(D2000, 3Shape Copenhagen, Denmark). To reduce light
reflection during scanning, each material was sprayed with
scan powder (Denu Easy Scan Propellant powder spray, HDI,
Ulsan, South Korea) before scanning. Digital cube models
were exported as STL files and noted as the reference
model (RM) (Fig. 3).

Second, the materials were positioned using wax with a
10 mm distance between each material to avoid interfer-
ence of images and were scanned with a CBCT machine
(Planmeca ProMax® 3D Classic, Planmeca, Helsinki,
Finland) (Fig. 4).
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Fig. 3 Reference model (RM) exported with a laboratory scanner. (A) Lithium disilicate glass-ceramic (IPS e.max® CAD), pre-
sintered. (B) Lithium disilicate glass-ceramic (IPS e.max® CAD), post-sintered. (C) ZLS ceramics (Celtra Duo), pre-sintered. (D)
ZLS ceramics (Celtra Duo), post-sintered. (E) Zirconia 3Y-TZP (3D pro-Zir®). (F) Packable composite resin (Grandio). (G) Flowable
composite resin (Grandio). (H) Gutta-percha (Obtura Flow 150®). (I) Glass ionomer composite liner (lonoseal®). (J) Resin-modified
glass ionomer restorative (Fuji Il LC®). (K) Amalgam (Permite).

Exposure parameters for the machine setup were 84 kV, algorithm'® using a 3D modeling software (Geomagic con-
8 mA, @80 x 80 mm volume size, and 75 um isotropic voxel trol X, 3D Systems). The deformation of fiducial material
size. According to the manufacturer’s recommendations, under CBCT images were analyzed using the following
these settings may reduce noise around objects in CBCT comparison  metrics: Root mean square error
images. CBCT scans were repeated 4 times. The DICOM (RMSE = /(f — 0?) whereas f is forecasts (expected values
datasets were imported into a 3D analysis software (Osirix or unknown results) and o is observed values (known re-
MD 12.0, Pixmeo, Geneva, Switzerland). Segmentation of sults)) and maximum error that calibrate the mean and
the image was performed using the segmentation toolset maximum distance between the two surfaces at anatomi-
available in the software. The value of the threshold was cally corresponding locations. In addition, the mean and
selected based upon a local gray scale (voxel value) and the standard deviation of the calculated distances between
image gradient. The intensity of the gradient was adjusted the different points on the surface of each model were
to achieve optimal value of the threshold representing generated and expressed as a color-coded visualization
well-defined outline of the cubic structure (range map. Lastly, the software output provided the minimum,
1000—1200). The image was specified along the outline and maximum, and median (first quartile and third quartile) for
was isolated from the background for the calculation of the surface distances.
volume. The DICOM files were converted to STL files and
specified as test model (TM) (Fig. 5).

Statistical analysis
Data registration and surface difference calibration
(volumetric analysis) Statistical analysis was carried out with analytics software
(IBM® SPSS® Statistics 22, IBM, Armonk, NY, USA). Trueness

The volume of each material was calculated using 3D was calculated by using the comparison among each tested
modeling software (Geomagic control X, 3D Systems, Rock group. The comparison between RM and TM for the volu-
Hill, SC, USA). The differences between the RM and T™M metric analysis and deformation was performed using
were calculated as (TM-RM)/RM x 100%. Furthermore, the Kruskal—Wallis analysis. The P value was corrected using
two data sets (TM and RM) were aligned and volumetric the Bonferroni method and the significance level was set at
analysis was performed with iterative closest point (ICP) P < 0.05.
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Fig. 4 The materials were scanned with a CBCT machine. (A) Feldspar ceramic (VITABLOCS® Mark II). (B) Lithium disilicate glass-
ceramic (IPS e.max® CAD), pre-sintered. (C) Lithium disilicate glass-ceramic (IPS e.max® CAD), post-sintered. (D) ZLS ceramics
(Celtra Duo), pre-sintered. (E) ZLS ceramics (Celtra Duo), post-sintered. (F) Hybrid ceramic (VITA ENAMIC®). (G) Zirconia 3Y-TZP
(3D pro-Zir®). (H) PMMA (Ceramill®temp). (l) Bis-acrylic composite (Protemp™ 4). (J) Packable composite resin (Grandio). (K)
Flowable composite resin (Grandio). (L) Gutta-percha (Obtura Flow 150®). (M) Glass ionomer composite liner (lonoseal®). (N)
Resin-modified glass ionomer restorative (Fuji Il LC®). (O) Amalgam (Permite)

Results
Radiopacity

A total of 15 dental materials were included in the present
study. Following initial CBCT scan, the cubic samples were
divided into two groups according to their respective radi-
opacity. Some of the materials were radiolucent and could
not be recognized under CBCT images, including feldspar
ceramic, hybrid ceramic, polymethyl methacrylate (PMMA),
and bis-acrylic composite. The radiolucent group which
lacks the characteristics for identification were eliminated
from the following analysis. The remaining eleven materials
categorized as radiopaque group were prepared for volu-
metric analysis. The radiopaque materials were: lithium
disilicate glass-ceramic pre-sintered and post-sintered,
zirconia-reinforced lithium silicate (ZLS) ceramic pre-
sintered and post-sintered, zirconia 3Y-TZP, packable
composite resin, and flowable composite resin, gutta-
percha, glass ionomer composite liner, resin-modified
glass ionomer restorative, amalgam.

Volumetric analysis

Three-dimensional models (RM and TM) exported from
reference and test scans were morphologically

1008

compared utilizing 3D modeling software (Geomagic
control X, 3D Systems). Increase of volume was noted in
most of the materials when comparing RM and TM. In
contrary, lithium disilicate glass-ceramic pre-sintered
(=15.3 + 5.7%) and post-sintered (—20.8 + 7.4%)
exhibited decreased volume. Flowable composite had
significantly less volumetric difference compared to
other materials (P < 0.05) (3.8 + 2.1%). Volumetric
analysis reported significant differences among the
eleven materials evaluated (Table 1).

Deformation

Through the conversion of test scans to three-dimensional
models (STL), it was noted that some of the materials could
be recognized with their cubic form while others deformed
under CBCT images and the respective models resembled a
cylindrical form (Fig. 5). Four materials that maintained
cubic form under CBCT images were: lithium disilicate
glass-ceramic pre-sintered and post-sintered, flowable
composite resin and gutta-percha. The materials that
morphed into cylindrical form were: zirconia-reinforced
lithium silicate (ZLS) ceramic pre-sintered and post-
sintered, zirconia 3Y-TZP, packable composite resin, glass
ionomer composite liner, resin-modified glass ionomer
restorative, and amalgam.
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The DICOM files of the materials were converted to STL files and specified as test models. (A) Lithium disilicate glass-

ceramic (IPS e.max® CAD), pre-sintered. (B) Lithium disilicate glass-ceramic (IPS e.max® CAD), post-sintered. (C) ZLS ceramics
(Celtra Duo), pre-sintered. (D) ZLS ceramics (Celtra Duo), post-sintered. (E) Zirconia 3Y-TZP (3D pro-Zir®). (F) Packable composite
resin (Grandio). (G) Flowable composite resin (Grandio). (H) Gutta-percha (Obtura Flow 150®). (I) Glass ionomer composite liner
(lonoseal®). (J) Resin-modified glass ionomer restorative (Fuji Il LC®). (K) Amalgam (Permite).

All models (RM and TM) derived from reference and test
scans of radiopaque materials were aligned respectively
and a linear deformation analysis was performed. Models
maintaining their cubic form reported smaller RMSE values
compared to models deformed into cylindrical form. The
results of the RMSE value showed a statistically significant
difference among four cubic models (P < 0.05), and the
RMSE values in descending order were: lithium disilicate
glass-ceramic  post-sintered, lithium disilicate glass-
ceramic pre-sintered, gutta-percha, and flowable compos-
ite resin (Table 2).

Discussion

Advancements in digital radiographic imaging, computer
aided design/computer aided manufacturing (CAD/CAM)
and surgical planning software has significantly improved
prosthetically driven implant planning and communication
among treatment team members. To enable a virtual
platform, multiple datasets representing intraoral surface
and underlying anatomy needs to be aligned. Accuracy of
integrating various datasets play a significant role in suc-
cessful planning and placement of dental implants.

Digital radiographic imaging makes it possible to digitize
and virtualize the anatomy of the patient. Following
alignment with surface data, a virtual platform for surgical

and prosthetic planning is enabled. Alignment is performed
with ICP'® utilizing hard tissue anatomical landmarks. For
the cases which lack anatomical landmarks, fiducial
markers situated on prostheses may assist in proper align-
ment of datasets. Minimizing artifacts due to fiducial
markers in CBCT images is of importance. With better
quality images, alignment of DICOM to STL may be more
accurate as artifacts tend to interfere with proper align-
ment."" An American Association of Physicists in Medicine
task group report stated that CT streak artifacts can be
locally significant, similar interpretation can be made for
CBCT images.'?

In the present study, various dental materials that can
be easily acquired from chair side and laboratory was
collected. Materials were fabricated in cubic form rather
than ball form for the convenience of identifying orienta-
tion. Radiopacity of the materials were determined first for
suitability as fiducial markers. After removal of four sam-
ples due to radiolucency, eleven samples were further
investigated for artifact analysis.

Using gray scale (voxel value) as a reference for radio-
pacity has been reported in various studies.'? ' Thereby we
utilized a standardized gray scale (range 1000—1200) for
DICOM exportation to minimize inter-sample discrepancies.

The materials showed various amounts of artifacts and
deformation in CBCT imaging. Such characteristics of ma-
terial would hinder the formation of three-dimensional
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Table 1  Volumetric analysis of the tested materials.
Material Volumetric volume difference (%) Radiologic Recognizing
Mean - SD visualization directionality

Feldspar ceramic —100.0 + 0.0 no no

Lithium disilicate glass-ceramic, pre-sintered —15.3 £ 5.7 yes yes

Lithium disilicate glass-ceramic, post-sintered —-20.8 +7.4 yes yes

ZLS ceramics, pre-sintered 26.6 + 8.2 yes no

ZLS ceramics, post-sintered 39.4 + 5.6 yes no

Hybrid ceramic —100.0 + 0.0 no no

Zirconia 3Y-TZP 51.1 +12.9 yes no

PMMA —100.0 + 0.0 no no
Bis-acrylic composite —100.0 + 0.0 no no
Packable composite resin 19.1 + 4.7 yes no
Flowable composite resin 3.8 +2.1 yes yes
Gutta-percha 11.7 £ 3.2 yes yes

Glass ionomer composite liner 18.1 + 3.2 yes no
Resin-modified glass ionomer restorative 34.2 + 8.3 yes no
Amalgam 76.5 + 10.0 yes no

ZLS, zirconia-reinforced lithium silicate; PMMA, polymethyl methacrylate; SD, standard deviation.

Table 2 Linear deformation analysis.

Material Max (mm) Min (mm) RMS (mm) Mean + SD
Lithium disilicate glass-ceramic, pre-sintered 0.24 —0.57 0.25 + 0.13°
Lithium disilicate glass-ceramic, post-sintered 0.29 —1.42 0.30 + 0.14°
ZLS ceramics, pre-sintered 1.46 —2.01 0.47 + 0.41
ZLS ceramics, post-sintered 1.57 -1.99 0.53 + 0.46
Zirconia 3Y-TZP 1.26 —1.13 0.41 + 0.20
Packable composite resin 1.40 —2.01 0.52 + 0.42
Flowable composite resin 0.67 —0.64 0.15 &+ 0.07¢
Gutta-percha 0.67 —0.48 0.23 + 0.07¢
Glass ionomer composite liner 1.41 —2.01 0.37 £ 0.35
Resin-modified glass ionomer restorative 1.13 —2.00 0.61 + 0.45
Amalgam 1.76 —1.07 0.58 + 0.26

ZLS, zirconia-reinforced lithium silicate; RMS, root mean square; SD, standard deviation.
2 Statistically significant differences were obtained by the post-hoc Bonferroni test if significance at P < 0.05 was reached by ANOVA.

models derived from DICOM files since the outline of the
images will be obscure without clear delineation. The
transformation of the image from square to circular was
caused by scatter (noise) under the CBCT image. Interest-
ingly, some of the materials maintained their cubic form
and others were deformed to a cylindrical form. The ma-
terials which maintained their cubic form exhibited low
degree of artifacts and had advantage in the following steps
of recognition and alignment of RM and TM.

Schulze et al.” reported noise, scatter and beam hard-
ening as the most predominant artifacts.” In addition,
image-degrading effect of scattered radiation will affect
CBCT images more than highly-collimated CT images.
Blooming artifacts have been reported to increase dental
implant volumes captured in various CBCT devices by
20—30%." Such blooming artifact have been attributed to
the partial volume effect, motion artifacts as well as beam
hardening."> As motion artifacts were not of an issue in the
present study, majority of the blooming artifacts could be
attributed to partial volume effect and beam hardening. The

dental literature reports various investigations stating
blooming artifacts pertaining to dental implants and associ-
ated radiographic limitations such as erroneous evaluation of
dehiscence or fenestration.'*"®"” However, comprehensive
analysis in blooming effect in dental materials other than
dental implants have not been extensively investigated.

Linear analysis was processed to compare the differ-
ences between RM and TM. TM with cubic form better
performed in linear analysis and showed smaller RMSE
values. TM with cylindrical form showed larger RMSE values
which indicates greater differences between RM and TM.

The results of the study revealed that flowable com-
posite resin presented the least amount of volumetric dif-
ference when comparing RM and TM and maintained
geometric characteristics indicating that minimum amount
of artifacts were generated around the subject under CBCT
imaging. The investigation presents with several limitations
such as usage of a single CBCT device, the lack of various
exposure settings, in vitro setting, and possible inaccuracy
in RM and TM superimposition due to deformation.
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The present study was investigated under standardized
controlled environment during CBCT scan which is inde-
pendent from clinical scenarios in regards of various
intraoral condition. Further investigations in regards with
shape and size of fiducial markers and in vivo studies should
be conducted in the future.
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