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Abstract

Significance

Anovelmethodwasdeveloped tocharacterize and
quantify the beam hardening artifact arising from
CBCT imaging. A zirconium-based root filling pro-
duced significantly greater artifact reduction along
the length of the root comparedwith gutta-percha.
Introduction: The beam hardening (BH) artifact pro-
duced by root filling materials in cone-beam computed
tomographic (CBCT) images is influenced by their radio-
logic K absorption edge values. The purpose of this
study was to describe a novel technique to characterize
BH artifacts in CBCT images produced by 3 root canal
filling materials and to evaluate the effects of a zirco-
nium (Zr)-based root filling material with a lower K
edge (17.99 keV) on the production of BH artifacts.
Methods: The palatal root canals of 3 phantom model
teeth were prepared and root filled with gutta-percha
(GP), a Zr root filling material, and calcium hydroxide
paste. Each phantom tooth was individually imaged us-
ing the CS 9000 CBCT unit (Carestream, Atlanta, GA).
The ‘‘light’’ and ‘‘dark’’ components of the BH artifacts
were quantified separately using ImageJ software (Na-
tional Institutes of Health, Bethesda, MD) in 3 regions
of the root. Mixed-design analysis of variance was
used to evaluate differences in the artifact area for the
light and dark elements of the BH artifacts. Results: A
statistically significant difference in the area of the dark
portion of the BH artifact was found between all fill mate-
rials and in all regions of the phantom tooth root (P< .05).
GP generated a significantly greater dark but not light arti-
fact area compared with Zr (P < .05). Moreover, statisti-
cally significant differences between the areas of both
the light and dark artifacts were observed within all re-
gions of the tooth root, with the greatest artifact being
generated in the coronal third of the root (P < .001).
Conclusions: Root canal filling materials with lower K
edge material properties reduce BH artifacts along the
entire length of the root canal and reduce the contribution
of the dark artifact. (J Endod 2018;44:869–874)
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Recently, high-resolution,
limited field of view

cone-beam computed to-
mographic (CBCT) imag-
ing has been used to
evaluate teeth in clinical
endodontics (1). CBCT
imaging provides 3-di-

mensional information that has been shown to increase the reliability of decision
making for diagnosis and treatment planning compared with 2-dimensional radiog-
raphy (2, 3). Unfortunately, teeth that have undergone endodontic and/or restorative
procedures with highly attenuating materials such as gutta-percha (GP), metal posts,
and crowns are prone to display CBCT image artifacts that can potentially mask abnor-
malities (4).

Artifacts produced in radiographic imaging represent a discrepancy between the
attenuation features of the actual physical object under investigation and the recon-
structed image (5). Several artifacts have been reported with CBCT imaging that degrade
the image quality. One of these that is commonly encountered is the beam hardening
(BH) artifact (6).

A BH artifact occurs when lower-energy photons in the polychromatic x-ray beam
are absorbed by a higher-attenuating or radiopaque material in preference to higher-
energy photons. The attenuated x-ray beam exits this material with a highermean energy
than the incident or primary beam (ie, it becomes ‘‘harder’’ or more ‘‘intense’’) when it
reaches the detector. This results in distortion of the attenuated x-ray beam because of
differential absorption by the material (otherwise known as the ‘‘cupping’’ artifact) and
produces streaks and dark bands on the image (Fig. 1A andB) (7). BH artifacts degrade
image quality and compromise the diagnostic value of the image, rendering the image
difficult to interpret and making the process a time-consuming one (8, 9).
Understanding the characteristic features of BH artifacts may enable us to develop
novel strategies to extract critical diagnostic information from the image (9).

Modern GP is composed of inorganic components such as zinc oxide and barium
sulfate, and the proportions of these compounds contribute to the radiopacity of
the material (10). Recently, EndoTechnologies LLC (Shrewsbury, MA) produced a
root filling material with a central core comprised of a zirconium (Zr) particle suspen-
sion, thereby imparting different radiologic properties compared with conventional GP.
The Zr atom enables greater transmission of the x-ray beam through the material
because of its lower K absorption edge (17.99 keV), and compared with barium, Zr
is a weaker radiologic attenuator for the mean energy of the polychromatic x-ray
axillofacial Radiology, Faculty of Dentistry, The University of Toronto, Toronto, Ontario, Canada.
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Figure 1. Two-dimensional periapical image of a phantom tooth palatal canal root filling. (A) GP single-cone with BC Sealer. (B) Zr single cone with BC Sealer.

Basic Research—Technology
beam (approximately 33 keV) (9). Because the barium atom in barium
sulfate of GP has a higher K edge (37.4 keV) than Zr and given that this
value is closer to the mean intraoral x-ray beam energy, the barium
atom preferentially absorbs the x-ray beam energy compared with Zr
(11). On the basis of these differences in x-ray absorption characteris-
tics, we hypothesize that Zr should be associated with less BH artifacts
than GP. Furthermore, the reduction in artifact production from Zr on
CBCT images may enable more accurate and reliable interpretation of
images of endodontically treated teeth. The aim of this study was to
develop a reproducible methodology for characterizing BH artifacts
from CBCT images and to determine if Zr can reduce BH artifacts
over GP in an experimental model.

Methods
The palatal root canals of 4 preaccessed standardized maxillary

molar phantom teeth (Dentalike; Dentsply Sirona, Tulsa, OK) were
used. The optical features of a phantom tooth model are 27% that of
dentin (% aluminum equivalent) (12). The palatal canals of the teeth
were initially negotiated, and patency was confirmed with a 10 K-Flex-
ofile (Tulsa Dentsply Sirona, Tulsa, OK); after which, rotary instruments
(Vortex, Tulsa Dentsply Sirona) were used according to the manufac-
turer’s instructions to prepare canals up to a 45.06 master file. Patency
was maintained, and the canal was irrigated with 2% sodium hypochlo-
rite (Clorox Company, Oakland, CA) between the introduction of each
instrument. A 45.06 master GP cone (Vortex GP, Tulsa Dentsply Sirona)
and a 45.06 master Zr point (EndoTechnologies LLC, Shrewsbury, MA)
were fitted to produce tug back 0.5 mm short of the working length.
A light application of EndoSequence BC Sealer (Brasseler, Savannah,
GA) was applied to the tip of each master cone, and the cones were
cut flush to the level of the palatal canal orifice and placed into the canal
870 Fox et al.
using the single-cone technique. A third model tooth was filled with
calcium hydroxide (Pulpdent Paste; Pulpdent Corp, Waterdown, MA)
to the working length of the palatal canal. The palatal canal in a fourth
phantom tooth was left untreated (control). All orifices were sealed with
a thin layer of composite resin (Filtek Bulk; 3M ESPE, St Paul, MN) and
filled to the occlusal surface.

A CS 7600 photostimulable phosphor plate (Carestream Dental,
Atlanta, GA) was used to make periapical images to confirm that root
filling material was well adapted to the root canal walls in the buccolin-
gual and mesiodistal dimensions. Images were exposed using a dental
x-ray unit (Gendex GX-770; Gendex Dental Systems, Hatfield, PA) at
70 kVp and 10 mA (Fig. 1A and B).

A reproducible jig was constructed using polyvinyl siloxane
impression material (President; Coltene/Whaledent AG, Alstatten,
Switzerland) and was used to establish an index to position the occlusal
surface of the phantom tooth to the base of a disposable paper cup
(Fig. 2A and B). The cup was placed on a chin rest using a wax jig
so that the exact position of the paper cup and phantom tooth could
be reproducibly positioned with the CS 9000 3D CBCT system (Care-
stream Dental). Exposure parameters were optimized for the phantom
teeth, which were imaged at 76-mm voxel size resolution using a 5 cm
(diameter) � 3.7 cm field of view.

Artifact Measurement
CBCT volumes were uploaded into CS 3D viewing software

(Carestream Dental), and the palatal root canal of each phantom
tooth was aligned and then measured in the coronal plane. The
palatal root was divided into 3 equal lengths: the coronal, middle,
and apical thirds. A midpoint axial within each third of the root
was established for all samples, and 2 additional regions were
JOE — Volume 44, Number 5, May 2018



Figure 2. Phantom tooth model jig apparatus with polyvinyl siloxane impression material index. (A) Bird’s-eye view of the phantom tooth. (B) Long-axis view of
the phantom tooth.
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identified 1 mm apical and 1 mm coronal to this midpoint
(Fig. 3A–D). A total of 9 measurements were made through the entire
length of each palatal root. Each axial root image was individually up-
loaded into ImageJ software (National Institutes of Health, Bethesda,
MD). The axial images from the no fill (control) group were used to
establish baseline pixel intensity values for the phantom tooth. The
highest (ie, lightest) pixel intensity value of the phantom tooth was
149.0 � 0.5 arbitrary units, and the lowest (darkest) background
pixel intensity value was 27.0 � 0.2. The pixel intensity values for
all root filling materials were 255.0 � 0.0 (Fig. 4A and B).

Using these values, the artifact pixel intensity value ranges were
established for ‘‘light’’ and ‘‘dark’’ artifacts as follows. The light artifact
value range was defined as ranging from 149.0� 0.5 to 254.9, and the
dark artifact value range was defined as ranging from 0.0 to 27.0� 0.2.
A color threshold overlay tool was used to represent the area for light
and dark artifacts for each axial section, and a precalibrated region of
interest measurement tool was used to establish the area measurements
for each axial section (Fig. 5A–C).

Statistical Analysis
Data normality was confirmed using Kolmogorov-Smirnov and

Shapiro-Wilk tests. Mixed-design analysis of variance was used to eval-
uate differences between 4 root canal filler groups (ie, no fill, calcium
hydroxide, GP, and Zr) and the difference between 3 regions of the tooth
root (coronal, middle, and apical thirds) for both the light and dark
artifacts. All inferential analyses were conducted using IBM SPSS soft-
ware (SPSS Version 24; IBM Corp, Armonk, NY). The null hypothesis
was rejected when P was <.05.

Results
The amount of light artifacts between GP and calcium hydroxide

paste exhibited a statistically significant difference (P = .001). The
Figure 3. Mid-coronal CBCT axial section of (A) no-fill (negative control), (B) c
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GP root filling material showed the greatest overall light area compared
with Zr, calcium hydroxide paste, and the control; however, the differ-
ence between the light areas produced by the GP root filling and Zr root
filling materials was not statistically significant (P = .079). However, a
statistically significant difference was found between the area of the light
artifact in the 3 root regions (P< .001), with the greatest amount of light
artifact in the coronal thirds of each root.

A statistically significant difference was found for the amount of
dark artifact between all groups (P< .001). The GP root filling material
showed significantly larger areas for dark artifact compared with Zr root
filling material (P = .04).

Statistically significant differences were found between all 3 root
regions for both GP and Zr (P < .001). These findings are summarized
in Figure 6A and B.

Discussion
The current study has developed a novel approach to quantify BH

artifacts into 2 base components: light and dark artifacts. Our decision
to use the phantom tooth model instead of an extracted tooth for these
experiments is important because of the unique optical features of the
phantom tooth model (27% aluminum equivalent). The model tooth
absorbs less of the polychromatic x-ray beam than tooth tissue would,
thus enabling a truer representation of the attenuating effects of the root
filling materials themselves without the additional contribution of (pri-
marily) root dentin. Furthermore, production of the tooth model as well
as its morphology is standardized and reproducible, reducing the pos-
sibility that dentin wall thickness variability that may be found between
different natural teeth might heterogeneously attenuate the incident
x-ray beam. Although this in vitro model may have some limitations,
we do believe that the standardized tooth model offers many advantages
that cannot be obtained using natural teeth in a study such as this. More-
over, we believe this model has allowed us to validate what we believe to
alcium hydroxide paste, (C) Zr, and (D) GP.
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Figure 4. (A) Light artifact pixel intensity range. Use of the GP sample (cor-
onal section) to establish parameters for the light artifact pixel intensity range.
The base density of the phantom tooth was determined to be 149.0� 0.5, and
the base density value of the root filling materials (GP and Zr) were determined
to be 255.0 � 0.0. (B) Dark artifact pixel intensity range. Use of the no fill
(negative control, coronal section) to establish the darkest pixel intensity value
of the background was determined to be 27.0 � 0.2.
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be an extremely novel and innovative technique for quantifying BH ar-
tifacts, something that has never before been done.

The light and dark components of BH artifacts are commonly
observed in CBCT imaging of teeth treated with root canal filling mate-
rials. Previous studies have only qualitatively classified the imaging fea-
tures of BH artifacts as ‘‘cupping effects,’’ ‘‘hypodense halos,’’ and dark
streaks and bands (6, 7, 13). Although the area measurements of the
light artifact for GP and Zr were not statistically significant (P > .05),
the area of the GP-generated light artifact was, not surprisingly, greater
than for canals filled with calcium hydroxide (P = .001) or left unfilled
(P < .001). Interestingly, the area of the light artifact varied with the
region of the canal; a greater light artifact area was associated with
the coronal portion of the filled canal (P < .001). This may be caused
by the larger volume or cross-sectional area of the material in the cor-
onal third of the root. With tapering of the prepared canal and the
amount of material in the middle and apical thirds of the canal, less light
artifact is observed.

Among the most obvious CBCT artifacts associated with BH is the
dark artifact, the so-called dark bands and hypodense regions observed
adjacent to the radiopaquematerial (6, 9). The dark artifact areas of BH
are the result of a discrepancy in the algorithmic processing of the
imaging information from the detector. The detector assumes the
primary x-ray beam exiting the tube head is monochromatic,
therefore assigning incorrectly lower grayscale values in the back-
872 Fox et al.
projection process. This results in the reconstruction of an image
with characteristic dark areas (5, 9). The features of a dark artifact
extend well beyond the root surface and obscure the perimeter of the
external phantom root surface. GP showed a significantly larger dark
artifact area measurement than the other materials (P < .001). In
particular, the differences between the dark artifact area of GP
compared with the Zr material were statistically significant (P < .05)
(for calcium hydroxide and unfilled canals, P < .001). As with the
light artifact, there were statistically significant regional effects within
each third of the root (P < .001).

GP is themost widely used root canal obturatingmaterial because it
generally satisfies the necessary biological, mechanical, and technical
requirements (14). Although GP is easily discernable on a conventional
intraoral image, it generates substantial imaging artifacts degrading the
quality of the CBCT image. The radiologic properties of GP that
contribute to its radiopacity are related to the proportions of inorganic
filler containing zinc and barium. These radiologic features are intended
to satisfy ISO requirements for radiopacity of an endodontic filling ma-
terial, which specifies greater than 3 mm equivalent of aluminum (15).

Recently, the American Association of Endodontists and the Amer-
ican Academy of Oral andMaxillofacial Radiology established a joint po-
sition statement on the use of CBCT imaging as the imaging modality of
choice in endodontics (1). These recommendations specify common
clinical scenarios in which CBCT imaging is indicated as a tool to
improve diagnostic efficacy. For this reason, reports continue to
show the emerging trend in the use of CBCT systems in clinical end-
odontics (2). However, the presence of artifacts can severely compro-
mise image quality by reducing contrast, obscuring structures, and
limiting the diagnostic value within areas of interest, making interpreta-
tion difficult and time-consuming (7). For this reason, several methods
have been examined to reduce imaging artifacts to improve diagnostic
capability. One such application is the use of artifact reduction (AR)
software in which proprietary algorithms appear to reduce the effects
of BH. However, it has been shown by previous in vitro studies that
AR software did not lead to a more accurate diagnosis in the detection
of simulated root fractures (13, 16, 17). Previous studies have also
reported that in the presence of GP, AR software negatively alters the
image by improperly reducing the artifact, removing peripheral GP
from the image, and producing secondary artifacts (17).

Increasing exposure parameters such as tube voltage (kVp)
and/or filament current (mA) has been suggested as a means for
reducing artifact formation and enhancing image quality (18). The
increased radiation dose from doing this is not reflected by an improve-
ment in diagnosis (19). One such study found that the degradation of
the image because of BH artifacts was so extensive that the imaging
mode had no influence on the diagnostic ability (8).

The current study has described a novel method for quantifying BH
artifacts from CBCT imaging and the influence of root filling material
properties on the radiologic effects of BH artifact production. We chose
to use a Zr root filling material because of its inner-core suspension of
Zr particles, which contributes a more favorable (ie, lower) radiologic
property compared with the higher K edge of conventional GP. Zr fill
reduced artifact area measurements, in particular for the dark artifact
along the entire length of the phantom root. Overall, dark artifact feature
area reductions between GP and Zr were found to be inversely propor-
tional to the diameter of the root filling such that smaller artifact area
reductions were observed in the coronal and middle regions of the
phantom root (32.6% and 32.2% area reduction) compared with
the apical region (51.6% area reduction. For calcium hydroxide, the
dark artifact area approached 0 (no artifact). This is also related to
the increased thickness associated with the taper of the root filling ma-
terial from apical to coronal. Minimizing image compromising features
JOE — Volume 44, Number 5, May 2018



Figure 6. (A) The areas of the light artifacts between GP, Zr, calcium hydroxide, and no fill within 3 regions of each phantom tooth root (mm2). (B) The areas of
the dark artifacts between GP, Zr, calcium hydroxide, and no fill within 3 regions of each phantom tooth root (mm2).

Figure 5. (A) Axial section through a zirconium-treated root. (B) Axial section through a zirconium-treated root showing light artifact color threshold overlay
corresponding to the pixel intensity range established in Figure 4A. Color threshold overlay of light artifact pixel intensity value range. (C) Axial section through a
zirconium-treated root showing dark artifact color threshold overlay corresponding to the pixel intensity range established in Figure 4B.
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of artifacts to that magnitude along the length of the root system may
prove to add diagnostic efficacy in specific clinical scenarios, such as
root fracture detection, which tend to propagate from the apical root
region to the coronal region.

Conclusion
Root canal filling materials with reduced K edge radiologic prop-

erties can reduce the impact of BH artifacts. A phantom tooth model sys-
tem used in conjunction with different root filling materials accurately
depicted the characteristic features of BH artifacts. Alternative material
properties of root filling materials that influence radiologic features
should be considered for additional research and clinical use in the
age of CBCT imaging in endodontics.
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