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ABSTRACT

Over the last 20 years, three-dimensional X-ray imaging, cone beam computed
tomography (CBCT), has become an important method when making the diagnoses
in the dental and maxillofacial area. There has been rapid development in CBCT
devices, and the image quality has improved considerably during the last two
decades. Despite the many improvements in CBCT image quality, artifacts induced
by dental and maxillofacial restoration materials are still a problem, especially when
diagnosing the dental area. CBCT manufacturers produce artifact reduction
algorithms, which are intended to decrease or remove the artifacts in the image.
However, the results of the studies on artifact reduction algorithms vary and there is
no final consensus, as yet, on their efficacy. The studies of the present thesis focus
on the artifacts induced by different dental and maxillofacial restoration materials in
CBCT images. Another aim was to compare how the different materials interfere
with the radiologic diagnosis. The materials investigated were titanium, zirconia,
composite, and fiber reinforced composite (FRC).

The results showed that composites with radio-opacifying BaAlSiO. 20%
(weight%) or more caused artifacts in the CBCT images. Composites with BaAlISiO:
68% (weight%) or more caused artifacts with similar intensity as titanium. Titanium
orbital floor implant caused artifacts in the CBCT images, whereas nonmetallic fiber
reinforced composite (FRC) orbital floor implant did not cause hampering artifacts
in the CBCT images. The diagnosis of apical periodontitis can be complicated in
70% of the CBCT images of paranasal sinuses because of the artifacts induced by
dental and endodontic restorations. In the CBCT images, zirconia dental implants
caused intense artifacts despite the artifact reduction algorithm.

To conclude, different dental and maxillofacial restoration materials cause image
hampering artifacts of different intensities in CBCT images. Zirconia is especially
problematic in CBCT images. More studies are needed on artifact reduction methods
to achieve an image quality without artifacts to make the correct diagnosis. In
addition, the consequences of restoration and implant material options should be
considered in postoperative CBCT images.

KEYWORDS: cone beam computed tomography, artifact, artifact reduction,
titanium, zirconia, composite
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TIVISTELMA

Kolmiulotteinen réntgenkuvausmenetelma, kartiokeilatietokonetomografia (KKTT),
on tullut tirkedksi osaksi hampaiston ja kasvojen alueen diagnostiikkaa. KKTT-
laitteet ovat kehittyneet ominaisuuksiltaan nopeasti ja kuvan laatu on parantunut
viimeisen 20 vuoden aikana. Useista parannuksista huolimatta kuvan laatua haittaa-
vat hampaiston ja kasvojen alueen restauraatiomateriaaleista aiheutuvat artefaktat
etenkin hampaiston aluetta diagnosoitaessa. KKTT-laitteissa on valmistajien kehitté-
mid yksil6llisid algoritmeja, joiden tarkoitus on véhentdd tai poistaa artefaktoja.
Néiden tutkimustulokset kuitenkin vaihtelevat eikd yhtenevéé johtopditdstd niiden
toimivuudesta tai suositusta niiden kéytosti ole vield olemassa. Tassé viitoskirjassa
tutkittiin erilaisten hampaiston ja kasvojen alueen restauraatiomateriaalien aiheutta-
mia artefaktoja KKTT-kuvissa seka artefaktojen aiheuttamia haittoja KKTT-kuvien
diagnostiikassa. Tutkimuksissa kéytetyt materiaalit ovat titaani, zirkonia, kompo-
siitti ja kuitulujitteinen komposiitti (FRC).

Komposiitit, jotka sisdlsivét radiopaakkista BaAISiOz 20% (paino%) tai enem-
man, aiheuttivat artefaktoja KKTT-kuvissa, ja komposiitit, jotka sisdlsivit BaAISiO»
68% (paino%) tai enemman, aiheuttivat artefaktaa KKTT-kuvissa yhta paljon kuin
titaani. Titaanista oleva silménpohjan implantti aiheutti artefaktaa KKTT-kuvissa,
kun taas kuitulujitteisesta komposiitista oleva silménpohjan implantti ei aiheuttanut
merkittdvid artefaktaa KKTT-kuvissa. Apikaaliparodontiitin diagnostiikka voi olla
vaikeutunut 70% nenén sivuonteloiden KKTT-kuvissa hammastéytteiden ja endo-
donttisten tdytteiden aiheuttamien artefaktojen vuoksi. KKTT-kuvissa zirkonia
aiheuttaa erityisen voimakkaita artefaktoja, vaikka artefaktaa poistava algoritmi olisi
kaytossa.

Yhteenvetona voidaan todeta, ettd hampaiston ja kasvojen alueen restauraatio-
materiaalit aiheuttavat voimakkuuksiltaan erilaisia artefaktoja KKTT-kuvissa.
Etenkin zirkonia on ongelmallinen KKTT-kuvissa. Artefaktoja poistavia algoritmeja
on syytd tutkia lisdd, jotta saadaan diagnostisesti luotettava kuvanlaatu ilman
artefaktoja. Hampaiston ja kasvojen alueen restauraatioiden ja implanttien mate-
riaalivalintojen seuraukset postoperatiivisissa KKTT-kuvissa on hyvad huomioida.

AVAINSANAT: kartiokeilatietokonetomografia, artefakta, titaani, zirkonia, kom-
posiitti
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1 Introduction

Three-dimensional (3D) imaging is essential in the diagnosis of the complex
anatomy of the dental and maxillofacial area. Two-dimensional (2D) dental and
maxillofacial imaging - panoramic, skull and intraoral images, has limitations due to
magnification, distortion, and superimposition of the anatomical structures, which
sometimes can prevent the diagnostics (Scarfe & Farman, 2008). Cone-beam
computed tomography (CBCT) enabled three-dimensional imaging in the dental and
maxillofacial area in the late 1990s (Scarfe & Farman, 2008). The very first CBCT
device for dental and maxillofacial imaging was the NewTom QR DVT 9000
(Quantitative Radiology, Verona, Italy) shown in Figure 1 (Angelopoulos et al.,
2012). CBCT became popular in dentists’ offices due to several advantages
compared to computed tomography (CT), such as a lower radiation dose and a
smaller physical size (Scarfe & Farman, 2008). In addition to the dental and
maxillofacial area, CBCT imaging is also used to examine other small bone
structures such as the middle ear, fingers, wrists, elbows, ankles, and knees
(Casselman & Gieraerts, 2013). In addition to these, CBCT is applicated in many
kinds of image guidance of surgical procedures (Scarfe & Farman, 2008).

During the last 20 years, CBCT has developed into a vital imaging method in the
dental and maxillofacial area, and both the CBCT equipment and the software are
developing rapidly (Angelopoulos et al., 2012; Scarfe & Farman, 2008). As an
example of this, Figure 2 shows the latest version of the delicate CBCT equipment
Viso G7 (Planmeca, Helsinki, Finland). According to Gaéta-Araujo and coworkers,
there are 47 CBCT manufacturers located worldwide (Brazil, China, Denmark,
Finland, France, Germany, Italy, Japan, Republic of Korea, Slovakia, Thailand, and
USA) providing 279 CBCT models (Gaéta-Araujo et al., 2020). Despite the
developments, there are, nevertheless, several types and sources of artifacts
associated with CBCT that can decrease the image quality. Due to these artifacts, the
image interpretation may be challenging and even misleading. The most common
artifact, beam hardening, appears as streaks and dark shadings in CBCT images and
is induced by dense materials used in dental restorations and orthodontic treatments
such as crowns, brackets, and implants. For example, Mahesh and coworkers
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Introduction

investigated 365 CBCT images of which artifacts were found in 67.1% and beam
hardening was the most prevalent artifact (Mahesh et al., 2022).

In oral, cranial, and maxillofacial implantology, titanium is the classic material
of choice because of its good biocompatibility (Najeeb et al., 2019). Zirconia based
implants have become widely used in dentistry because of their biocompatibility and
esthetic color (Cionca et al., 2017). Composite based materials also have the required
features for implant material and are thus under investigation as an new alternative
implant material (Vallittu, 2018). Fiber reinforced composite (FRC) is a non-metallic
composite which can provide a large number of possibilities in dentistry.

Metal artifact reduction (MAR) algorithms have been generated and are
constantly being improved to manage the problem with CBCT artifacts. However,
the results and the study setups of the algorithm research vary, and the ideal function
of the algorithms in CBCT has yet to be developed. Alongside improved algorithms,
innovative new implant materials may be the only solution to improve the image
quality by decreasing the artifacts.

The focus of this thesis is to compare different dental and maxillofacial
restoration materials in causing artifacts in CBCT images and the challenges
involved in diagnosing these images. The main materials under investigations were
titanium, zirconia, and fiber reinforced composite.

\\~

Figure 1. NewTom 9000 (Quantitative Radiology, Verona, ltaly) was the first CBCT device for
dental imaging. In this device the patient was positioned horizontally. With permission
of Cefla Dental Group, Italy.
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Figure 2. The latest CBCT Viso G7 (Planmeca, Helsinki, Finland) in which the patient is positioned
standing. With permission of Planmeca, Helsinki.
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2 Review of the Literature

2.1 Cone-beam Computed Tomography (CBCT) —
Basics

The name CBCT originates from its cone-shaped X-ray beam. A CBCT unit has
an X-ray tube and a detector attached in a so-called C-arm. This rotates once
horizontally (180°-360°) around the patient, who is either seated or standing
(Scarfe & Farman, 2008). The X-ray beam covers a cylindrical-shaped field of
view (FOV) that is selected according to the region of interest. The sizes of the
FOV vary depending on the CBCT device. The radiation is either continuous or
pulsed and the benefit of the latter is an especially reduced radiation dose to the
patient (Scarfe & Farman, 2008). Hundreds of 2D projection images are received
during the examination. This is called raw data, and is required by the detector,
which converts X-ray photons into an electrical signal. Different flat panel
detectors (FPDs) are used in the current CBCT machines (Pauwels et al., 2015).
The volumetric data is reconstructed with algorithms such as a filtered back
projection. The Feldkamp-Davis-Kress (FDK) algorithm is the most used
algorithm in CBCT devices (Feldkamp LA et al., 1984.; Scarfe & Farman, 2008).
In addition, several variants of the simultaneous algebraic reconstruction technique
(SART) are used (H. C. Lee et al., 2017). CBCT imaging typically takes 30 seconds
or less. The complete CBCT image is viewed in three views, axial, sagittal and
coronal (Scarfe & Farman, 2008). In addition, many kinds of 3D and 2D formats
can be reconstructed.

2.1.1 Guidelines for Dental and Maxillofacial CBCT Imaging

Guidelines and indications for CBCT imaging have been issued by the Safety and
efficacy of a new and emerging dental X-ray modality (SEDENTEXCT) Consortium
2012 (Radiation Protection 172, 2012). In addition, there are national guidelines in
use, such as the National Guidance of Germany (R. Schulze, 2013), and The
Radiation and Nuclear Safety Authority (STUK) provides instructions for CBCT
application in Finland (J. Peltola et al., 2011). The SEDENTEXCT guidelines lists
the 20 “basic principles”. According to the guidelines, CBCT can be considered if

13
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the information in the 2D X-ray images is incomplete or does not correspond with
the clinical findings. In addition, if only the bony structures are of interest, CBCT
imaging is a recommendable alternative for multi-slice computed tomography
(MSCT) because of the lower radiation dose. Developing dentition, restoring
dentition, and surgical applications are the target categories of the SEDENTEXCT
guidelines. These include the assessment of impacted teeth with or without a
suspicion of associated resorption, cleft palates, surgery planning of orthodontic
cases, endodontics, periodontal and periapical diseases, dental trauma, pre-surgical
plan of implant insertion or removal of the third molars. In addition, defects in
maxillary and mandibular bones and temporo-mandibular joint (TMJ) bony
structures are included (Radiation Protection 172, 2012). According to the National
German guidelines the pathologies of the paranasal sinuses should be detected with
CBCT when this is not possible with 2D imaging.

There is an urgent need for up-dated guidelines for CBCT because of the
technical development of the CBCT imaging and the expanded use of CBCT
imaging during the past two decades as pointed out by Gaeta-Auraujo and coworkers
in 2021 (Gaéta-Araujo et al., 2021). Also, according to Siiskonen and coworkers, the
use of diagnostic reference levels (DRL) and the regular quality control of the CBCT
devices should be paid attention (Siiskonen et al., 2021).

2.2 CBCT Image Quality

CBCT image quality is divided into subjective and objective factors. The subjective
factor means a rating of the visibility of a specific anatomic structure. The objective
factor means a measurement of a particular pattern in a phantom or test object (Scarfe
& Angelopoulos, 2018). The main objective factors of image quality are spatial and
contrast resolution, noise, and artifacts. In addition to a high-quality image,
achieving the lowest radiation dose possible is essential. The principle of ALARA
which stands for “as low as reasonably achievable” as well as the principle of
ALADAIP “as low as diagnostically acceptable being indication-oriented and
patient-specific” should be achieved (Goulston et al., 2016; Oenning et al., 2018;
‘The 2007 Recommendations of the ICRP, 2007).

In addition to image quality, cognitive overload, including time pressure, case
complexity, clinical experience, knowledge and technical ability, can influence
image interpretation errors and negatively impact diagnosis and treatment decisions
(Hegde et al., 2023). However, more studies are needed on interpretative errors and
the ways to prevent them.

14
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2.21 Resolution and Noise

Resolution is divided into spatial resolution and contrast resolution. Spatial
resolution means the capacity to distinguish structures near each other. Contrast
resolution means the capacity to distinguish tissues or materials of different densities
with different gray values (Scarfe & Angelopoulos, 2018). CBCT voxel size can
range from 0.4 mm to 0.076 mm (Scarfe & Angelopoulos, 2018). CBCT images have
isotropic voxels, the dimensions of which are equal in all directions. This enables
accurate measurement in all dimensions (axial, coronal, and sagittal) without
distortion or magnification (Scarfe & Farman, 2008) hence it is applicable for
imaging small or thin osseous structures, such as teeth and facial bones (Scarfe &
Farman, 2008). However, CBCT imaging is limited by its poor soft tissue contrast
(Scarfe & Farman, 2008). The significant factor limiting the contrast resolution in
CBCT is patient scatter radiation (Scarfe & Angelopoulos, 2018). The contrast
resolution is measured in Hounsfield units (HU), and there are normalized HU values
for air -1000 HU, and water 0 HU. However, in CBCT, HU values are unreliable and
should be avoided in diagnosis (Pauwels, Araki, et al., 2015).

In CBCT image, noise represents the variation of the voxel values, which
degrades the image quality (Pauwels, Araki, et al., 2015). Compared to CT, CBCT
images are more susceptible to noise due to the wider beam geometry of CBCT
(Pauwels, Araki, et al., 2015).

222 Imaging Parameters — Radiation Dose and Image
Quality

The operating voltage of the X-ray generator of the CBCT varies from 40 to 120
kilovoltage peak (kVp) and the currents vary in the range of 1-32 milliamperes (mA)
(Kiljunen et al., 2015). Current CBCT equipment have pre-fixed exposure protocols
in which the tube current (mA), exposure time (s), FOV and kVp can be selected
depending on the indication for imaging and patient size. Image quality and the
radiation dose are dependent on the selected parameters. Spatial resolution can be
improved by decreasing the voxel size. This causes more noise which can be reduced
simultaneously by increasing the tube current (Pauwels, Araki, et al., 2015).
However, the higher the tube current, the higher the radiation dose (Pauwels, Araki,
et al., 2015). Noise is reduced by increasing the tube voltage, resulting in decreased
contrast and a higher patient dose (Pauwels, Araki, et al., 2015). The large FOV of
the CBCT image decreases the contrast and, at the same time, noise and artifacts are
increased. The size of the FOV is recommend to equate with the region of interest
(ROI) in order to achieve a lower radiation dose (Angelopoulos et al., 2012; Pauwels,
Araki, et al., 2015; Rehani et al., 2015).
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Moreover, different CBCT devices and protocols affect the image quality and
the radiation doses. Radiation dose levels differ between and within the CBCT
devices, and hence generalized dose comparisons between different devices or
CBCT versus panoramic imaging etc. cannot be made (Gaéta-Araujo et al., 2020).
A change in the settings in CBCT devices can even lead to a 50-fold dose difference
(Jacobs, 2011; Oenning et al., 2018).

2.2.3 CBCT Artifacts

The definition of an artifact is a region seen in the image that does not equate with
the object (Scarfe & Angelopoulos, 2018). In CBCT, several artifact types are
present and their appearance varies between different CBCT equipment (Codari et
al., 2017). Artifacts can appear as streaks, shadings, rings, or bands (Hsieh, 2003).
These can deteriorate the image quality by obscuring the anatomy, mimicking
pathology, affecting the measurements, and misleading the diagnosis.

Multiple artifacts are caused when the X-ray interact with high density materials.
These include dental restoration materials, metal alloys and composites, and implant
materials including titanium and zirconia.

Scatter is seen as streaks after the image reconstuction, and it is produced by
diffracted X-ray photons after interaction with the object (R. Schulze et al., 2011).
This is corrected by various algorithms in CBCTs (Pauwels, Araki, et al., 2015).

Beam hardening is a common artifact in CBCT images seen as streaks and dark
shadings around and between the high-density materials (De Man et al., 1999). This
is caused by the increased effective kV as it passes the high density-object when only
X-rays with low energy are absorbed. Beam hardening can be divided into two
forms, a cupping artifact and streaks and dark bands. Cupping originates from
cylindrical objects — X-rays which pass through the center of the cylindrical object
lead stronger beam hardening than those that pass through the margins of the object.
Dark shadings around and between high-density materials are caused by beam
hardening, X-rays that go through only one object or several high-density objects.
Bright lines, streak artifacts also originate from high-density materials and these can
extend to wide area in the image. (Scarfe & Angelopoulos, 2018)

Extinction artifacts or missing value artifacts appear as dark areas when a high-
density object absorbs the whole X-ray beam (R. Schulze et al., 2011). The
exponential edge gradient effect is characterized by thin lines originating from high-
density materials with sharp edges (Scarfe & Angelopoulos, 2018). Scanner-related
artifacts are seen as rings in the axial plane caused by imperfections in the scanner
detector or calibration errors (Scarfe & Angelopoulos, 2018). A partial volume
effect, under sampling (aliasing) and a cone-beam effect are caused by the geometry
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of the beam projection and the image reconstruction. This is characterized as streaks
and shadings in the image (Scarfe & Angelopoulos, 2018), (Scarfe & Farman, 2008).

A motion artifact is one of the main causes that decreases the image quality, and
it occurs when the patient moves during the CBCT examination. Because of the
relatively long examination time, motion artifacts are quite frequent. In the image,
this appears as unsharp or with double contours (Scarfe & Farman, 2008). The
motion also strengthens metal artifacts (Nardi et al., 2015). Various algorithms and
methods for reducing motion artifacts have been studied to be effective (Eldib et al.,
2018; Sun et al., 2021).

A metal artifact is a term used for artifacts resulting from metallic, high-density
materials. Metal artifacts originate from multiple effects - beam hardening and
exponential edge-gradient effect as well as scatter, noise, and photon starvation (De
Man et al., 1999; R. Schulze et al., 2011). Metal artifact reduction (MAR) algorithms
have been developed and are constantly being improved to manage this problem.

224 Artifact Reduction Algorithms

Artifact reduction, or metal artifact reduction (MAR) algorithms have been
generated to improve image quality using mathematical models and advanced
reconstruction techniques (Bal & Spies, 2006; Kalender et al., 1987; Meyer et al.,
2010). Generally, MAR algorithms are divided into different methods of which
projection modification method is favored at the moment (Liugang et al., 2020;
Zhang et al., 2007). Projection modification method detects the metal artifacts in the
raw data and replaces them with estimated values (Zhang et al., 2007). The corrected
image is obtained by reconstructing the corrected sinogram using the filtered back
projection (FBP) (Liugang et al., 2020).

The performance of the algorithms has been extensively studied, but the results
and the study setups vary, so a unanimous recommendation for their use cannot be
made. However, most recent studies recommend the MAR algorithm (de Faria
Vasconcelos et al., 2020; Fontenele et al., 2020). A comparative evaluation is still
required to achieve an ideal performance of the algorithms and understand their
limitations.

2.3 Features of Dental Implant Materials

Implants in the maxillofacial area fix fractures and defects and maintain the volume
and function. Dental implants replace missing teeth and maintain occlusion and
performance. The material of the dental implant has multiple requirements to
maintain its functional stability. In addition to the biocompatibility, multiple stress
types are affecting the material, such as tensile, compression, shear, and torsional
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stress (P. Vallittu & Ozcan, 2017). The modulus of elasticity should be comparable
to the bone to ensure the distribution of the stress at implant and to prevent implant
movement (Amarnath et al., 2011; Saini, 2015). High yield strength and fatigue
strength as well as toughness prevent brittle fractures and wear under cyclic loading
(Saini, 2015; P. Vallittu & Ozcan, 2017).

In addition, materials have different radiological behavior. There are different
ways in which X-rays interact with matter. The photons, bundles of energy, can
scatter completely with no energy loss, be absorbed with a total loss of energy, scatter
with some absorption and loss of energy or transmit unchanged (Whaites & Drage,
2015). Dense materials with a high atomic number are strong absorbers and are seen
as very bright in the image, i.e. radiopaque. Materials of low atomic number absorb
weakly allowing the photons to go through. These materials are seen as dark in the
image, i.e. radiolucent (Mallya et al., 2019). The X-ray image expresses the X-ray
attenuation of the different materials depending on the differences in material density
(atomic number), thickness, as well as quality (kV) of the radiation beam (Whaites
& Drage, 2015). The effective atomic number for soft tissue is approximately seven
and for bone is approximately 12 (Whaites & Drage, 2015). Lead is used in the
radiation protection because of the high atomic number (82) (Whaites & Drage,
2015).

2.3.1 Titanium and Zirconia

Titanium and titanium alloys have long been successful as implant materials. As a
dental implant material, commercially pure titanium is the most common (Najeeb et
al., 2019). Titanium is biocompatible, especially due to a stable oxide layer on its
surface, and it fulfils the requirements of an implant material (Sykaras et al., 2000;
Tschernitschek et al., 2005). The well-known disadvantage of titanium is its gray
color which may cause esthetic problems when soft tissue is thin (Tschernitschek et
al., 2005). Another widely studied disadvantage of titanium is the artifacts in the
CBCT images (Benic et al., 2013; Pauwels et al., 2013; R. K. W. Schulze et al.,
2010).

Compared to titanium implants, zirconium dioxide implants have shown to pose
several advantages (Comisso et al., 2021). The color of zirconia is more esthetic
compared to titanium, and it is assumed to have a lower risk for peri-implant diseases
(Cionca et al., 2017; Ozkurt & Kazazoglu, 2011). However, zirconia implants are
shown to create even more detrimental artifacts in the CBCT images than titanium
(Demirturk Kocasarac et al., 2022; R. Schulze, 2022). This can be explained by the
atomic number of zirconium (40) and titanium (22) (R. Schulze, 2022) which means,
that a zirconia implant absorbs more X-ray energy leading to greater artifacts.
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Summarized by Rajendran and coworkers, materials with high atomic number cause
more beam hardening (Rajendran et al., 2014).

2.3.2 Fiber Reinforced Composites (FRC)

Fiber reinforced composites (FRC) have been an area of interest for a few decades
in dentistry. FRCs meet all the mechanical, chemical, and esthetical requirements of
the oral environment (Akalm-Evren et al.,, 2014; Bijelic-Donova et al., 2015;
Cacciafesta et al., 2007; Foek et al., 2013; Kumbuloglu et al., 2008; P. K. Vallittu,
2018). Compared to metallic implant materials FRCs have properties closer to the
bone tissue (Wang et al., 2021). FRC is composed of a polymeric matrix (polymethyl
methacrylate or bisphenol A-glycidyl methacrylate (Bis-GMA) and triethylene
glycol dimethacrylate (TEGDMA) and reinforcing fibers (Varley et al., 2019). The
fibers are commonly referred to as Electrical glass, i.e. E-glass, or Special high
strength glass, i.e. S-glass. The fibers can be oriented in variable ways - continuous
unidirectional, plane-oriented bidirectional weave, or plane random fibers (P.
Vallittu & Ozcan, 2017). According to Garoushi and coworkers, short fibers that are
randomly orientated function as reinforcement in all directions (S. K. Garoushi,
Lassila, & Vallittu, 2006). Furthermore, by increasing the number of fibers the
mechanical properties can be improved (Abdulmajeed et al., 2011). FRCs are widely
applicable in dentistry used in removable prosthodontics (Ladizesky et al., 1994),
fixed prosthodontics (Loose et al., 1998; P. K. Vallittu, 1998), periodontology
(Agrawal & Chitko, 2011; S. Garoushi et al., 2008; Sewon et al., 2000), endodontics
(Lassila et al., 2004; Le Bell-Ronnlof et al., 2011), orthodontics (Rantala et al., 2003;
P. K. Vallittu, 2016), restorative dentistry (Butterworth et al., 2003; S. K. Garoushi,
Lassila, Tezvergil, et al., 2006), and in repairs of fixed prostheses (Ozcan et al., 2006;
P. Vallittu & Ozcan, 2017). In addition, FRCs can be customized pre-operatively
before the polymerization which enables an individual and precise fit (M. J. Peltola
et al., 2012; Tuusa et al., 2008).

2.3.3 FRC Implants

The application of FRCs has also been investigated as an implant material and bone
substitute, such as cranioplasty implants (Piitulainen et al., 2017), orbital floor
implants and craniofacial bone reconstruction (Lazar et al., 2016). In addition, FRCs
are being investigated in orthopedics, trauma and spine surgery and dental
implantology (Vallittu, 2018).

Orbital floor and cranial FRC implants comprise of composite, layers of glass
fiber network and bioactive glass granules in the center of the implant. The structure
is mesh-like, with space between the outer and inner laminates filled with bioactive
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glass particles (P. K. Vallittu, 2017). The network-like structure enables ossification
and vascularization (P. K. Vallittu, 2017). The success of the cranial FRC implants
has been verified by experimental studies (Aitasalo et al., 2014; Piitulainen et al.,
2015; Posti et al., 2016; Tuusa et al., 2008).

All restorative composite materials should be visible in all X-ray images. The
minimum required radio-opacity of restorative materials is determined by the
international standard (ISO International standard 4049, 2009).

2.4 CBCT in Diagnosing Chronic Sinusitis, Apical
Periodontitis and Peri-implantitis

CRS with a Dental Origin

Chronic rhinosinusitis (CRS) and chronic rhinosinusitis with a dental origin are
difficult to differentiate because of their similar symptoms, such as pain, nasal
discharge and postnasal drip and nasal obstruction (Matsumoto et al., 2015). In
addition, CRS with a dental origin is a diagnosis without a clear criterion, thus
making the exact diagnosis challenging. It is estimated that chronic rhinosinusitis
has a dental origin in 70% of unilateral paranasal sinusitis cases (Matsumoto et al.,
2015). CRS and CRS with a dental origin have different bacterial microbiomes
(Puglisi et al., 2011; Saibene et al., 2016). This is why, the origin and etiology of
CRS is of importance when selecting the appropriate treatment, such as dental
surgery, medical treatment or endoscopic sinus surgery (Little et al., 2018; Saibene
et al., 2016).

Damage in the maxillary sinus mucoperiosteum caused by apical periodontitis
(AP), periodontal disease, oroantral fistula, misplaced roots or foreign bodies in the
sinus are the causes of CRS from a dental origin (Vidal et al., 2017; Zirk et al., 2017).
Among these, AP is the usual cause, presumably due to the anatomy - maxillary
molar roots and maxillary sinus floor being located nearby each other (Vidal et al.,
2017; Zirk et al., 2017). In addition to AP, 2 mm or more thick unilateral mucosal
thickening on the maxillary sinus floor is a radiological sign to suggest CRS with a
dental origin (Shanbhag et al., 2013; Vidal et al., 2017). CBCT or CT imaging is
essential for diagnosing the dental origin of CRS.

Apical Periodontitis

Apical periodontitis (AP) originates from an infected pulp located in the periapical
area of the root (Meirinhos et al., 2020). This disorder usually occurs due to dental
caries or trauma (Sasaki et al., 2016). Molars are often associated with AP, especially
those with root fillings (Meirinhos et al., 2020). AP symptoms and clinical signs vary
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from no symptoms to destruction of the underlying bone with or without an abscess.
According to Tibtrcio-Machado and coworkers, approximately half of the adults
worldwide have had AP at least in one tooth (Tiburcio-Machado et al., 2021).
Patients with systemic diseases, such as diabetes, or previous endodontic treatments,
have a higher incidence of AP (Nagendrababu et al., 2020; Tiburcio-Machado et al.,
2021).

AP is diagnosed from the dental radiographs appearing first as a widened or
highlighted periodontal ligament in the apical area of the root. As the infection
progresses, the periapical tissues, periodontal ligament and alveolar bone, are
destroyed, causing periodontal lesions (Nair, 2004). Because the host defensive
system cannot reach into the complex root canal system, AP is not a self-healing
disorder and needs special treatments, such as endodontic therapy or removal of the
tooth (Nair, 1997). If not treated, AP can lead to CRS or so-called odontogenic
sinusitis. The maxillary first molars are more often associated with the maxillary
sinus floor changes than the other maxillary teeth (Maillet et al., 2011).

Peri-implantitis

Osseointegration, a special bond between the bone and the implant, is required for
dental implants to maintain their functional stability (Reti & Findlay, 2021).
Osseointegration is dependent on the bone quality, the surface of the implant, as well
as the health of the patient, and the implant loading and position (Reti & Findlay,
2021). The implant success includes the absence of mobility, symptoms, and
infection. In the X-ray images, the vertical bone loss should not reach more than 0.2
mm after the first year, and peri-implant radiolucency should not be present (Reti &
Findlay, 2021).

Bone loss and inflammation of the soft tissue around a dental implant are the
characteristics of peri-implantitis. Clinically, bleeding or suppuration on probing,
and a probing depth more than 5 mm are present in peri-implantitis. In addition,
erythema, hyperplasia, swelling and the mobility of the implant may be present (Reti
& Findlay, 2021). Based on the studies, the prevalence of peri-implantitis is
currently more than 20% (Derks & Tomasi, 2015; C.-T. Lee et al., 2017). In the oral
environment, dental implants are continuously exposed to microbes. Peri-implantitis
is prevented only by a frequent plaque control of the implant (Salvi & Ramseier,
2015).

Gradually peri-implantitis can cause vertical bone loss and radiolucency around
the implant. At first, horizontal and one wall mesiodistal vertical bone defects can
be seen in intraoral radiographs. However, buccal and lingual/palatal vertical bone
loss cannot be seen in two-dimensional X-ray images (Rees et al., 1971). CBCT
imaging can be considered in more complicated cases, such as fenestration,
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dehiscence, or three wall bone defects (Bayat et al., 2016; Christiaens et al., 2018;
Jacobs et al., 2018). In CBCT images, the artifacts caused by implants are seen as
radiolucency around and between the implants. Vertical bone loss around the implant
may not be recognized in CBCT images since the metal artifacts exist exactly in the
same area. Due to artifacts, CBCT is not recommended as a primary imaging method
when peri-implantitis is suspected, and intraoral radiography is still recommended
for monitoring dental implants (Jacobs et al., 2018).

22



3 Aims

Objectives of the Study

The aim of the present studies was to investigate the artifact formation caused by
different implant materials and how these artifacts challenge the diagnostics of the
CBCT images. Furthermore, the usefulness of the metal artifact reduction method in
CBCT imaging was tested.

The specific objectives were:

I To compare the artifacts induced by titanium, zirconia and seven models of
composite dental implants containing varying amounts of radiopacifying
BaAISiO; in CBCT images.

II To compare the artifacts in CBCT images induced by the orbital floor implants
of titanium and FRC.

Il To retrospectively examine the frequency of artifacts and their influence on
the diagnosis of chronic rhinosinusitis and apical periodontitis in the CBCT
images of paranasal sinuses.

IV To examine the function of the metal artifact reduction method (ARA) of the
Planmeca Viso G7 CBCT device with pairs of titanium, zirconia and FRC
dental implants.
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4 Materials and Methods

Artifacts induced by different dental restoration materials in CBTC images were
investigated in three experimental studies (Studies I, II and V) and in one clinical
retrospective study (III). The materials and methods used in these four different
studies are summarized in Table 1 and 2.

4.1 Study Design

4.1.1 Phantoms and Implants (Study I, I, 1V)

In Study I, a Teflon block was used to hold titanium, zirconia, and composite dental
implant models (Figure 3.). In Study II, titanium and FRC orbital floor implants were
set on to the orbital floor of a dry human skull as shown in Figure 4. The shape and
the size of the implants were not exactly equal; details given in Table 1. A piece of
cardboard was used to support the skull at the optimal position during the CBCT
scanning.

Figure 3. Teflon block and the titanium implant models used in Study .
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Figure 4. Left: The FRC and titanium orbital floor implants. Right: The skull used in Study Il to
support the orbital floor implants. From the original publication Il with permission of
DMFR.

In Study 1V, two titanium (Straumann® Bone Level Implant, Straumann Holding
AG, Basel Switzerland), zirconia (Straumann® PURE Ceramic Implant Monotype,
Straumann Holding, AG, Basel Switzerland) and handmade FRC (University of
Turku, Turku, Finland) dental implants (size 3.3 x 10 mm) were placed at a 5 mm
distance from each other in a pig mandible lacking soft tissues. The implants were
installed according to the manufacturer’s instructions (Straumann Holding AG). The
titanium and FRC implants were set into the opposite side of the mandible to the
zirconia implants. The defect that simulated peri-implantitis, was made by drilling
on the buccal side of one implant of each material (3 mm in width, 5 mm in height,
1 mm in depth). The other (control) implant of each material was installed without
any defect, as shown in Figure 5.

K
L D
Figure 5. From left: Dental implants of titanium, zirconia and FRC. The design of the defects is
seen in one of each of the implants.
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4.1.2 The Molds for Step Wedges and Implant Models
(Study I)

Materials used for preparing the molds are shown in Table 2. The mold for composite
step wedges (Study I) was prepared by mixing one manufacturer’s scoop of Putty
Soft Base and Putty Soft Catalyst (Coltene/Whaledent, Altstatten, Switzerland). The
putty mixture was placed in a glass bowl (Fig. 6.). An aluminium step wedge was
covered with impression material (Affinis® Precious, Coltene/Whaledent) and then
pressed into the putty mixture; it was then left to harden for 3 minutes. The mold for
dental implant models was made in the same way as the mold for step wedges by
mixing one manufacturer’s measuring scoop each of Lab Putty and the Lab Putty
Catalyst (Coltene/Whaledent). A pure titanium rod (20 mm in length, 3 mm in
diameter) was pressed into the Putty mixture and the mold was let harden for 5 min.
Impression material was not needed for this mold.

4.1.3 Preparation of Composite Step Wedges and Implant
Models (Study I, 1V)

The composition of the composite step wedges and dental implant models (Study I)
are shown in detail in Table 2. The composite step wedges and dental implant models
contained seven varying amounts of SiO, and BaAlSiO, (Table 2.). SiO, and
BaAISiO, were mixed with the resin, blended in a speed mixer at 1700 rpm for 30 s
(SpeedMixer, DAC 150 FVZ; Hauschild, Germany), and repeated until the
composite was able to be manipulated. The composite was set into the molds and
pressed with sheet glass and polymerized for 15min in a pressure curing unit at
100 °C in 200 kPa (Ivomat IP12, Ivoclar ag.; Schaan, Liechtenstein). Composite
implant models were finished to equate with the dimensions of the titanium rod (Fig.
7.).
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Figure 6. Aluminium step wedge was used to prepare the seven (1-7) composite step wedges
and the mold. The steps were 1-8 mm thick.

Figure 7. Seven composite dental implant models. The implant Model 1 on the far left contains
the highest concentration BaAlSiO, while the implant Model 7 on the far right, contains
no BaAISO,.

414 FRC Implant Model (Study 1V)

A Straumann’s zirconia implant was used as a model for preparing two glass fiber
reinforced composite replicas in Study IV. The split mold, made of translucent
polyvinyl siloxane (Exaclear, GC, Tokyo, Japan), was filled with dimethacrylate
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resin, continuous unidirectional E-glass fiber rovings (everStick C&B, Stick Tech-
GC Group, Turku, Finland) and discontinuous E-glass fiber reinforced composite
(everX Flow, bulk shade, GC, Tokyo, Japan) (Table 2.). Polymerization of the
implant was made with a LED light-curing unit (Elipar S10, 3M ESPE, St. Paula,
MN, USA) with light intensity of 1765 mW/cm?. The light curing tip was in contact
with the transparent polyvinyl siloxane mold during the polymerization time of 40
seconds.

415 Imaging Equipment and Imaging Parameters (Study |-
V)

The step wedges of the Study I were imaged with Planmeca Intra X-ray (Planmeca,
Helsinki, Finland) next to an aluminium step wedge with the imaging parameters
shown in Table 1. The dental implant models were set in three groups into the Teflon
block and imaged with CBCT SCANORA 3D (Soredex, Tuusula, Finland) with the
imaging parameters shown in Table 1. ImageJ (National Institutes of Health,
Bethesda, MD) acquired the average gray values of the composite step wedges in
intraoral radiographs with a pixel point analysis to compare each step with the
aluminium steps illustrated in Figure 8. CBCT axial slices (I mm) were also
analyzed with ImagelJ. The variation in the gray values was demonstrated as a cross-
sectional line through the implants shown in Figure 9.

Figure 8. Intraoral image of the composite step wedge (a) and aluminium step wedge (b). From
the original publication I, with permission of DMFR.
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Figure 9. Titanium implant models set into the Teflon block. The arrows show the cross-sectional
line from the original publication I, with permission of DMFR.

In Study II, the orbital floor implants supported by a skull were examined with CBCT
3D Accuitomo 170 (Morita, Kyoto, Japan). The imaging parameters used are
presented in Table 1. The CBCT images were transferred to Matlab (Matlab R2016b,
The MathWorks, Natick, MA) in the form of digital imaging and communications
in medicine (DICOM) to create the ROIs. The anatomic structures of the skull with
and without the implants were in the same position in the images. Based on the
artifacts seen in the CBCT image with the titanium implant, three parallelogram
shaped regions of interest (ROI) were created (Fig. 10). The magnitude of the
artifacts was examined in nine subsequent transversal slices. ROI 1 was created on
the anterior side of the implant, ROI 2 on the lateral and ROI 3 on the medial side of
the implant.

Figure 10. From left to right: ROIs 1-3 around the orbital floor, titanium and FRC implants. From
the original publication Il with permission of DMFR.

32



Materials and Methods

In the retrospective study (Study III), 214 CBCT images of paranasal sinuses (code
DMI1AI) taken in 2017 were collected from the Emergency Radiology unit at Turku
University Hospital. Patients under 50 years of age were excluded from the sample.
The CBCT device and the parameters used are shown in Table 1. Two radiologists
with different subspecialties — oral and maxillofacial radiology and head and neck
radiology performed the image analysis. The medical reports and referrals confirmed
the diagnosis of CRS and AP. In the CBCT images, the artifacts were registered
(yes/no) if they hampered identifying the anatomy or the diagnosis of CRS and AP
in only one slice of the cross-sectional view. The artifacts were investigated in all
three orthogonal views and in three areas delimited by anatomical landmarks shown
in Figure 11. Regarding the anatomy, the identification of the periodontal ligament
spaces of the premolar and molar roots (level 1), the cortex of the maxillary sinus
walls (level 2) and the cortex of the paranasal sinuses (level 3) were required.
Regarding the diagnosis of CRS, the identification of a mucosal thickening of 2 mm
or more was required. Regarding the diagnosis of AP, the identification of a
highlighted periodontal ligament or a radiolucent change in the periapical area was
required. The restoration materials, such as, implants, crowns and endodontic fillings
and posts were identified visually, but different restoration materials could not be
differentiated from each other in the CBCT images. A dental filling was graded large
when it extended to at least three sides of the crown.

Figure 11. The CBCT image slices demonstrating levels 1-3 A) coronal and B) sagittal view. Level
1 covers the area from the premolar-molar crowns to the maxillary sinus floor. Level 2
covers the maxillary sinus to the orbital floor and level 3 covers the orbit to the orbital
roof. From the original publication Il with permission of Diagnostics.
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In Study IV the implants inserted into the pig mandible were imaged with CBCT
Planmeca Viso G7 (Planmeca, Helsinki, Finland) using three imaging parameters as
given in Table 1. Three different levels of the metal artifact reduction (ARA) were
used with all the imaging parameters. An oral and maxillofacial radiologist
(Observer 1) and a Bachelor of Dental Sciences, BDS (Observer 2) under the same
calibrated conditions analyzed the images. The defect was analyzed in all three
orthogonal views — the height and caudal depth were measured in the coronal view,
and the width in the axial view of the CBCT image. The defect was measured with
the measuring tool in Romexis Viewer (Romexis Viewer 6, Planmeca, Helsinki,
Finland). The bone structure and the marginal cortex had to be seen as smooth and
intact between the implant pairs (yes/no). About the implant structure, the spiral part
was analyzed visually (yes/no). Observers analyzed the CBCT images using an Eizo
RadiForce GX340 diagnostic monitor with 3 megapixels and a resolution of 1536 %
2048 (Eizo Nanao Corporation, Ishikawa, Japan).

42  Statistics (Il-1V)

Statistical analyses were performed in the Studies I[I-IV with the tests given in Table
1. SPSS v.23 was used in the Study I and SPSS 29 was used in the Studies III and
IV (IBM, Armonk, NY, USA).

Briefly, in Study II, the mean gray values between the CBCT images with and
without the implants in ROIs 1-3 were compared using a one-way analysis of
variance (ANOVA). The differences in the CBCT image without the implant and
with the FRC or titanium implant were calculated using a Tukey’s test (equal
variances between the groups) or Games-Howell’s test (un-equal variances between
the groups). The Benjamini-Hochberg method corrected multiple comparisons
separately for ROIs. P-values less than 0.05 were considered statistically significant.
In Study III and IV, interobserver agreement was calculated by the ICC test
(interobserver class correlation coefficient). In Study III, 50 CBCT images were
randomly selected.
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5 Results

5.1

The gray value comparisons of the step wedges in the intraoral images were
proceeded to clarify their differences in X-ray images. The average gray value
differences of the aluminium, zirconia, and composite step wedges (1-3 mm) are
presented in Figure 12. Gray values of the composite step wedges 1 and 2 are close
to each other and the composite step wedges 3 and 4. The composite step wedge 7
had the lowest gray values, while zirconia had the highest gray values.

Intraoral Radiographs
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Figure 12. The average gray values of the step wedges in the intraoral images. From the original
publication I, with permission of DMFR.

5.2 CBCT Images

Composites containing BaAlSiO; less than 20% and FRC orbital floor implant did
not cause any image hampering artifacts in the CBCT images (Study I-II). Table 3
summarizes the origins of the artifacts in Studies [-IV and their disadvantages in the
CBCT images.
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Table 3. The origins of the artifacts and their disadvantages in the CBCT images as found in
Studies I-IV.
Study | The origin of the artifacts The disadvantage in the CBCT image
| Zirconia and titanium implant models Bright streaks and dark bands around
Composites with BaAISiO, 20% or more and between the implant models
Composites with BaAISiO, 68% or more
[} Titanium orbital floor implant Dark bands around the implant
1 Dental restorations, endodontic fillings, Bright streaks, dark areas, and
dental implants, other maxillofacial inaccuracy
implants
Recognizing the teeth anatomy and the
diagnosis of apical periodontitis was
complicated
v Zirconia implants Large dark areas and bright streaks
around the implants
The bone around the implants was not
identified

The artifacts induced by dental implant models in Study I were compared in the
axial CBCT slices and gray value cross-sections shown in Figure 13. Zirconia
implant models caused the most intense artifacts in the CBCT images seen as bright
streaks and dark bands around and between the implants. Titanium implant models
induced pronounced artifacts in the CBCT images seen also as bright streaks and
dark bands between the implant models. Of the composite implant models 1 and 2
caused the most pronounced artifacts in the CBCT images followed by the models 3
and 4. Composite implant models caused mainly dark bands between the implants.
Implant models 5 and 6 caused only minor artifacts in CBCT images. The composite
model 7 did not contain any BaAlSiO-, thus its gray values were the lowest and it

did not cause any artifacts in the CBCT images.
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Figure 13. CBCT axial slices and the cross-sections showing gray values. a) Three titanium implant
models caused artifacts between the implant models. b) Composite implant models from
above 4, 5, 7 caused only moderate artifacts, of which model 7 did not cause artifact. c)
Zirconia caused intense artifacts. Modified from the original publication | with permission
of DMFR.

In Study II, the titanium implant caused artifacts, negative gray values, in each
ROI. Artifacts were seen mostly as dark bands or areas around the implant. Table 4
shows the calculated gray value deviations in the ROIs 1-3 investigated in Study II.
Comparison between the gray values without the implant showed that the gray values
of the ROIs with the titanium implant were negative in all slices. The mean gray
values between the titanium implant and the reference differed the most in the ROI
3, 79.5 units. The FRC implant did not cause any observable artifacts. The gray
values of the ROIs with FRC implant and without differed only moderately in each
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ROI. The mean gray values between the FRC and the reference differed the most
also in the ROI 3, 10.6 units.

Table 4. Calculated mean and standard deviations of the gray values in the ROIs 1-3 with (FRC,
Ti) and without (Ref) the implants. Comparison of the mean values was done with an
ANOVA test. From the original publication Il with permission of DMFR.

Ref Mean (SD) FRC Mean (SD) Ti Mean (SD) PI FRC vs Ref P2 Tivs Ref

ROI'1

Slice 1 —-137.9 (36.7) —-152.3(35.3) -150.9 (37.7) <0.001 <0.001
Slice 2 -131.2(26.9) —139.0 (24.2) —-178.5(67.1) <0.001 <0.001
Slice 3 —124.9 (26.6) -130.3 (23.5) -136.9 (73.1) <0.001 <0.001
Slice 4 -116.7 (22.9) -117.4 (20.6) —138.4(38.9) 0.502 <0.001
Slice 5 —-113.4(22.5) -113.1(20.2) -129.2(33.4) 0.764 <0.001
Slice 6 —107.6 (23.0) —-108.0 (20.4) —-123.5(30.5) 0.668 <0.001
Slice 7 -102.7 (22.1) —-103.8 (22.3) -120.9 (26.6) 0.153 <0.001
Slice 8 —-99.7 (22.5) —100.7 (20.6) -117.1(22.9) 0.190 <0.001
Slice 9 —96.4 (23.3) -96.8 (20.2) -109.9 (21.5) 0.740 <0.001
ROI2

Slice 1 —250.7 (57.8) =267.7 (56.5) —264.0 (58.6) <0.001¢ <0.001¢
Slice 2 —232.7(55.1) —243.4 (52.4) —-278.4(102.7) <0.001 <0.001
Slice 3 —212.0 (44.5) —220.4 (47.3) -277.4(97.9) <0.001 <0.001
Slice 4 —176.4 (46.2) —195.3 (39.6) -238.9(114.2) 0.215 <0.001
Slice 5 —165.5 (51.5) —178.7 (45.9) —217.0 (108.5) 0.181 <0.001
Slice 6 —-165.5 (51.5) -167.9 (51.1) —-191.9 (90.1) 0.196 <0.001
Slice 7 —-159.2 (52.5) -160.7 (52.9) —176.6 (69.8) 0.559 <0.001
Slice 8 —155.7 (54.8) —157.5 (54.0) —-167.6 (56.4) <0.001¢ <0.001¢
Slice 9 —-151.1(52.8) -153.8(53.2) -160.8 (56.0) 0.152 <0.001
ROI 3

Slice 1 252.3 (448.9) 214.9 (422.1) 150.3 (365.4) 0.086 <0.001
Slice 2 —10.4 (150.5) -33.9(137.9) —156.0 (83.7) <0.001 <0.001
Slice 3 =79.9 (32.4) -102.7 (31.6) -182.1(116.4) <0.001 <0.001
Slice 4 —-81.8 (31.0) —81.0(30.3) —144.5 (146.8) 0.775 <0.001
Slice 5 —73.6 (21.8) -71.9 (21,2) —141.5(111.9) 0.130 <0.001
Slice 6 —78.4 (19.4) -80.6 (18.5) —-141.8 (116.1) 0.011 <0.001
Slice 7 -79.4 (19.9) —80.1 (18.5) —148.7(108.2) 0.633 <0.001
Slice 8 =79.5 (24.0) —83.7 (20.0) —140.0 (74.8) <0.001 <0.001
Slice 9 -74.9 21.2) -76.6 (16.5) -116.5(57.9) 0.087 <0.001

FRC, fibre-reinforced composite group; Ref, reference group; SD, standard deviation; Ti, titanium group.
P1 = significance from Tukey’s or Games-Howell’s test (“Tukey’s HSD) FRC vs reference.

P2 = significance from Tukey’s or Games-Howell’s test (“ Tukey’s HSD) Ti vs reference.

All the significant (<0.05) p-values remained significant after Benjamini-Hochberg’s procedure.

5.2.1 CBCT Findings in Study Il

The clinical characteristics and the information from the medical reports in Study I11
are shown in Figure 14. The influence of the artifacts is shown in Figure 15. The
overall agreement between the two observers in identifying artifacts is shown in
Table 5.

The average age of the patients with CRS was 62 years. Detailed identification
of the anatomy at level 1 and the diagnosis of AP were both hampered because of
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the artifacts in most of the CBCT images, 97% and 70%, respectively. Artifacts
hampered the recognition of the maxillary sinus and the diagnosis of sinusitis in only
a few CBCT images, 7.5% and 2.3% respectively. Artifacts did not hamper
identifying the anatomy or sinusitis of the paranasal sinuses at level 3.

%

0 25 50 75 100

[l Females (139) B Males (75) M Available CBCT report (207)
[l CRS of dental origin due to AP (24) Il Artifact mentioned (4) [l Additional X-ray images needed (2)

Figure 14. Information of the clinical characteristics and the medical reports of the patients with
CRS % (n) in Study III.

97

%

0 25 50 75 100

[0 Artifact complicates recognizing maxillary teeth anatomy (208)
M Artifact complicates AP diagnosis (150)

Il Artifact complicates recognizing maxillary sinus anatomy (16)
[ Artifact complicates maxillary sinusitis diagnosis (5)

Figure 15. The influence of the artifacts on the diagnosis in the CBCT images % (n) in Study lII.
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Table 5. The ICC, intra class correlation coefficient test results between observer 1, an oral and
maxillofacial radiologist and the interobserver, a head and neck radiologist.

Level in the CBCT image n/50 ICC test

Level 1 (48/50) 0.960, 95% CI 0.90-1.00
Level 2 (28/50) 0.560, 95% CI 0.42-0.69
Level 3 (47/50) 0.940, 95% CI 0.87-1.00

The most common sources of the artifacts were dental fillings or crowns and
endodontic fillings. All the recognized sources are shown in Figure 16. The number
of dental implants was low in this study as well as the number of other maxillofacial
implants at levels 2 and 3.

95
52
%
23
0.9
0.5
0 25 50 75 100
Large dental filling or crown (203) B Endodontic filling (111)

B Fixed dental prostheses (28) Dental implant (5)
M Implantin level 2 (2) B Implant in level 3 (1)

Figure 16. The sources of the artifacts in the CBCT images % (n).

522 The Function of Artifact Reduction Algorithm ARA

The bone defects of titanium and FRC implants in Study IV were well recognized,
with or without ARA. The defect of the zirconia implant could not be identified in
any image with or without ARA. The defect measurements and the results of the
interobserver agreement are shown in Table 6. The observers equally recognized the
marginal cortex, bone structure between the implants and the implant spiral structure.
The bone structure or marginal cortex between the zirconia implants could not be
recognized even with ARA. The marginal cortex of the titanium and FRC implants
was identified in all the images with or without ARA. The bone structure between
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the titanium implants was smoother with ARA 2 and ARA 3 with all imaging
parameters. The bone structure between the FRC implants was recognized with all
imaging parameters with or without ARA. The spiral pattern of the titanium and FRC
implants was identified in detail with a resolution of 75 pum with or without ARA.

Table 6. The agreement between the two observers. Modified from the original publication IV
with permission of DMFR.

Defect size Height mm | Width mm Depth mm ICC (95%Cl)
Observer 1 2 1 2 1 2

Imaging parameters 1*

Zirconiano ARA—-ARA3 |0 0 0 0 0 0 NA

Titanium no ARA 5.4 5.4 3 3.3 1 1.2 0.998 (0.923-1.000)
ARA 1 6 5.4 25 2.1 1.2 0.9 0.991 (0.195-1.000)
ARA 2 5.1 5.1 21 1.8 0.9 0.9 0.998 (0.975-1.000)
ARA 3 5.3 5.1 24 1.8 1.2 0.6 0.987 (0.210-1.000)

FRC no ARA 5 5.9 24 24 1.2 1.8 0.977 (0.446-0.999)
ARA 1 5 5.3 2.1 2.7 1.2 1.5 0.988 (0.183-1.000)
ARA 2 5.3 5.9 23 2.1 1.2 1.2 0.994 (0.857-1.000)
ARA 3 5.3 6.2 22 1.8 1.2 1.2 0.986 (0.588-1.000)

Imaging parameters 2**

Zirconiano ARA-ARA3 |0 0 0 0 0 0 NA

Titanium no ARA 54 5.6 2.7 2.7 0.75 (0.8 0.999 (0.988-1.000)
ARA 1 5.1 5.6 21 21 0.75 (0.8 0.996 (0.937-1.000)
ARA 2 5.1 5.3 23 2 0.75 |0.6 0.998 (0.947-1.000)
ARA 3 5.1 5.3 23 2 0.75 |0.8 0.998 (0.916-1.000)

FRC no ARA 5.3 6.1 27 2.1 1 1.2 0.984 (0.420-1.000)
ARA 1 5.3 5.9 27 29 1 1.3 0.992 (0.441-1.000)
ARA 2 5.3 5.9 2.7 2.9 1 1.2 0.993 (0.626—-1.000)
ARA 3 5.3 5.8 2.7 3 1 1.2 0.995 (0.990-0.998)

Imaging parameters 3***

Zirconiano ARA—-ARA3 |0 0 0 0 0 0 NA

Titanium no ARA 5.4 5.6 27 27 0.75 |0.8 0.999 (0.988-1.000)
ARA 1 5.1 5.6 2.1 2.1 0.75 |0.8 0.996 (0.937-1.000)
ARA 2 5.1 5.3 23 2 0.75 |0.6 0.998 (0.947-1.000)
ARA 3 5.1 5.3 2.3 2 0.75 (0.8 0.998 (0.916-1.000)

FRC no ARA 5.3 6.1 2.7 21 1 1.2 0.984 (0.420-1.000)
ARA 1 5.3 5.9 2.7 2.9 1 1.3 0.992 (0.441-1.000)
ARA 2 5.3 5.9 27 29 1 1.2 0.993 (0.626—1.000)
ARA 3 5.3 5.8 27 3 1 1.2 0.995 (0.990-0.998)

* Whole mandible, FOV 22 x 12 cm, 100 kV, 12 mA, 5 s with a resolution of 300 um ** The implant
pairs, FOV 5 x 5 cm, 90 kV, 14 mA, 4.5 s with a resolution of 150 um *** The implant pairs, FOV
5x 5 cm, 100kV, 12 mA, 12.8 s with a resolution of 75 um.

NA, not applicable; ICC, intra class correlation coefficient; observer 1, oral and maxillofacial
radiologist; observer 2 bachelor of dental sciences; ARA, artifact reduction algorithm of Planmeca
Viso G7; FRC, fiber reinforced composite
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6.1 The Development of the CBCT Devices

During the last 20 years, CBCTs have become an essential part of the diagnosis of
many kinds of dental and maxillofacial disorders. Around 279 different CBCT
models are currently available with different technical features (Gaéta-Araujo et al.,
2021). Because of the wide variety of the CBCT models and the imaging parameters
used, the results acquired from different studies, especially from in vitro studies,
should not be taken directly into clinical use or generalized (Gaéta-Araujo et al.,
2020). The studies in this thesis were mainly experimental (I, II, IV), in which
different restoration and implant materials were easily and quickly compared to each
other. However, CBCT models and their performance should be considered
individually and the study results cannot be directly compared with those achieved
with other CBCT models (Gaéta-Araujo et al., 2021). In the studies in this thesis,
four different CBCT devices were used during the years 2014-2022, all of which
represent different technical features and versions during this time. One is no longer
available on the market, the SCANORA 3D (Soredex, Tuusula, Finland), and
another is one of the latest CBCT devices available, Plameca Viso G7 (Planmeca,
Helsinki, Finland). Hence, the results of these studies are not fully comparable.

6.1.1 CBCT Indications

Due to the advances in CBCT equipment and research, a revision of the
recommendations and the clinical guidelines of CBCT imaging has been demanded
(Gaéta-Araujo et al.,, 2021). Endodontic indications for CBCT imaging, such as
periapical diseases, are mentioned in the guidelines of SEDENTEXCT. Presently, the
National German guidelines for CBCT imaging is the only one covering the pathologies
of the paranasal sinuses. Apical periodontitis is diagnosed primarily with intraoral
images, but CBCT imaging is indicated in complex situations and, for example, when
there is a suspicion of it being the source of CRS. In Study III, we evaluated the CBCT
images of paranasal sinuses with an indication of CRS. AP was suspected to be the
origin of CRS in 11% of cases. The diagnosis of AP and CRS needs a careful clinical
evaluation, and the radiological examinations should be considered individually.
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In addition, CBCT is established as an accurate method for preoperative implant
placement, but because of the artifacts induced by implants, CBCT should not be
used postoperatively (Kim et al., 2020). Peri-implantitis is a growing disorder as
implant placements are popular worldwide. The diagnosis of peri-implantitis,
however, is recommended to be primarily performed with a clinical evaluation and
conventional radiographs (Jacobs et al., 2018). CBCT should be considered only for
specific cases, such as sensory problems (Kim et al., 2020). In the experimental study
this thesis, Study IV, the indication for CBCT imaging was a complicated peri-
implantitis with a defect. Recommendations for postoperative CBCT imaging,
especially in cases of peri-implantitis, are needed in future.

6.1.2 CBCT Imaging Parameters and MAR Algorithms

The imaging parameters were only tested in Study IV, which was also the only study
with an artifact reduction algorithm. Image quality improving algorithms are
individual features of the CBCT devices. In Study IV, the spiral structure of the
implants was only identified with a resolution of 75 pum and with the smaller FOV 5 x
5 cm. Image sharpness can be achieved with the smaller voxel sizes, but the noise will
be increased (Pauwels, Araki, et al., 2015). It is always recommended to keep the FOV
as small as possible to reduce the radiation dose (Pauwels, Araki, et al., 2015). Schriber
and coworkers found that the low-dose and high-dose CBCT parameters only had a
small influence on the artifacts (Schriber et al., 2020). Also, Nomier and coworkers
suggest the low-dose CBCT imaging for evaluating the peri-implant bone (Nomier et
al., 2022). In these studies, however, there was only one implant imaged.

Although MAR algorithms reduce artifacts, their performance is influenced by
different CBCT devices, materials and FOV sizes (Vasconcelos et al., 2019). Some
studies advocate the use of MAR in specific CBCT devices (de Faria Vasconcelos
et al., 2020), especially when the artifacts are more pronounced (Fontenele et al.,
2020). In specific diagnostic tasks, such as internal root resorption, studies show that
MAR is effective if artifacts are present (Gaéta-Araujo et al., 2020). The meta-
analysis of Fontenele and coworkers demonstrated that a vertical root fracture could
be diagnosed better without MAR (Fontenele, Machado, et al., 2021). In addition,
when detecting a vertical root fracture near a zirconium implant, MAR activation is
inefficient (Fontenele, Farias Gomes, et al., 2021). MAR activation and an increase
in kVp are shown to decrease the artifacts (Freitas et al., 2018). Moreover, an
increased tube current and MAR activation improve the image quality when zirconia
implants are present (Mancini et al., 2021). The studies of Sheikhi and coworkers
and Salemi and coworkers do not recommend the use of MAR in evaluating peri-
implant bone defects (Salemi, 2021; Sheikhi et al., 2020).
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Only one CBCT device with the MAR method was used in this thesis. Thus, it
is not possible to provide a recommendation for its use based on this one experiment.
Similarly, Gaéta-Araujo and coworkers concluded that, material and patient related
CBCT artifacts should be considered with caution because most studies are mainly
in vitro studies with phantoms and performed with different CBCT devices (Gaéta-
Araujo et al., 2021). In Study IV, we noticed that a metal artifact reduction algorithm
is unnecessary for diagnosing peri-implant bone around titanium and FRC dental
implants.

Currently, additional means to reduce the artifacts in the CBCT images other
than MAR methods are scarce. The results of the studies of Luckow et al., 2011 and
Min et al., 2021 encourage tilting a patient’s head to reduce metal artifacts in CBCT
images (Luckow et al., 2011; Min & Kim, 2021b). This is also mentioned in the
SEDENTEXCT guidelines to reduce artifacts induced by dental restorations
(Radiation Protection 172, 2012).

However, another study by Min & Kim 2021 highlights that the effect of tilting
depends on the location of the implants (Min & Kim, 2021a). Furthermore, in current
scanners the head is fixed in a certain position, and there may be limited space for
head tilting (Min & Kim, 2021a).

6.1.3 Artifacts in the CBCT Images

In Studies I, 11, and IV, we showed the detrimental effects of titanium dental implants
and orbital floor implants in the CBCT images. Studies I and IV also showed the
detrimental effects of zirconia dental implants. Because of the growing popularity of
zirconia as an implant and crown material, the detrimental effects in the
postoperative CBCT images should be taken in account beforehand. The present
Studies I and IV showed that artifacts caused by zirconia were clearly more intense
than those caused by titanium. This result agrees with the recent study of Warren and
coworkers (Warren et al., 2022). This difference is explained by the high atomic
number of the main component (R. Schulze, 2022). Moreover, the intensity of
artifacts is multipled when several implants are set side by side, which is currently
quite common (I, IV).

Composite based FRC orbital floor implants do not cause intense artifacts, as
shown in Study II. The result of this study implies that FRC implants could be used
in cases where postoperative CBCT monitoring is necessary. Similarly, we found in
Study IV that dental implant models made of FRC did not cause detrimental artifacts
in the CBCT images and the bone around the implants were well recognized. Hence,
FRC as a dental implant material would be beneficial especially in the areas of thin
alveolar bone. In turn, Study I showed that composites including BaAlSiO, 20%
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(Wt%) or more can cause artifacts in CBCT images and composites BaAlSiO, 68%
(Wt%) or more can lead to artifacts as intense as the titanium’s (I).

In Study 111, most of the artifacts seen in the CBCT images originated from large
dental and endodontic restorations. Although the diagnosis of sinusitis was not
hampered in the CBCT images, the diagnosis of AP was hampered in 70% of the
cases. This may lead to an incorrect etiology of CRS and further, to inappropriate or
excessive treatments and medication.

In Study III, we investigated only the origins of the artifacts located in the FOV.
Motion artifacts were not evaluated in this thesis, nor materials located in the
exomass that can also cause artifacts in the CBCT image (Andrade-Bortoletto et al.,
2023; Demirturk Kocasarac et al., 2022). Also, the size of the object has influence
on the artifact expression. Moshfeghi and coworkers found out that artifacts are more
pronounced when the object is larger than the FOV (Moshfeghi et al., 2022).
Importantly, we noticed in Study III, that the CBCT reports usually lacked to note
the presence of the artifacts (4/214). In the SEDENTEXCT guidelines, however,
artifacts are mentioned in the list for radiological interpretation (Radiation Protection
172, 2012). In Study 111, we also highlighted the importance to note the artifacts in
the report, because clinicians may not be as familiar with the artifacts and their
disturbing effects on the CBCT image interpretation and the consequences it causes.
We also found in Study III that the CBCT reports did not include recommendations
for additional X-ray images, such as intraoral images, despite the image hampering
artifacts as shown in Figures 17 and 18.

Figure 17. Two sagittal views of paranasal sinus CBCT images showing artifacts due to crowns
and a dental implant (right). Mucosal thickening is easily recognized on the right.
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Figure 18. Two coronal views of paranasal sinus CBCT images showing detrimental artifacts due
to crowns. Periapical areas of the maxillary molars are not reliably recognized.

6.2 Image Analysis

In Studies Il and IV, we had two observers with different backgrounds and
experiences for image analysis. Expertise and experience are essential when
diagnosing challenging cases, like apical periodontitis and peri-implantitis. In Study
111, the overall agreement to identify artifacts was substantial to almost perfect (Table
6.), and in Study IV for all categories, the interobserver agreement was almost
perfect (Table 7). However, the image analysis of these studies is done in a calm and
quiet circumstance without disturbing factors such as hurry or interruptions. This
does not equate to the clinical circumstances; these factors may influence the image
analysis and diagnosis (Hegde et al., 2023).

In Studies I and II, we used the gray values of the CBCT images to demonstrate
and to compare the intensity of artifacts. However, it is known, that the gray values
of the CBCT should not be used in diagnosing because of its unreliability, especially
when artifacts are present (Pauwels, Jacobs, et al., 2015).

In addition, STUK has recently provided recommendations for the diagnostic
monitors (Heikkild et al. 2022). Monitors of 3 megapixels can represent CT, CBCT
and MRI images at their original resolution. The monitor used in Studies III and IV
was with 3 megapixels which agrees the minimum requirement for diagnostic
monitors.

6.3 Limits and Prospects

In this thesis, three out of four studies (I, II, IV) were experimental studies. These
kinds of studies are quick and more effortless to perform because of lighter study
permissions. However, phantoms and study sets used in these studies do not fully
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correlate with the real cases because of absent soft tissues and other anatomic
structures that may impact the artifact appearance in the CBCT images. Although
the results of the in vitro studies do not correspond to the clinical situations, phantom
studies are an important base for further clinical studies.

At the moment, there is a need for further studies with several CBCT models and
studies of diagnostic and treatment efficacy (Gaéta-Araujo et al., 2020). MAR
methods with different materials and different numbers of materials should be
studied further to understand their function. In future, it would be important to have
device specific recommendations and conclusions of the use of MAR in future. Yet,
it is unclear, whether MAR methods just improve the image quality or aid to
diagnose and recognize the anatomy.

Radiation dose monitoring was not the topic of these studies. However, dentists
use X-ray images and CBCT images at a large scale with children and young adults.
Hence, there is a special need for justification and optimization. The current CBCT
guidelines do not provide recommendations for postoperative CBCT imaging.
According to the results of the studies of this thesis, postoperative CBCT imaging
on patients with zirconia implants or multiple implants may be reasonable to avoid
because of the image hampering artifacts. In these cases, the overall value and benefit
of the CBCT image should be reconsidered carefully. In future, a caution of zirconia
related artifacts in postoperative CBCT imaging may be worth to include in the
updated CBCT guidelines.

In the future, image analysis will be facilitated by artificial intelligence (Al). For
example, the study by Minnema et al. 2019 showed that a deep learning algorithm
can accurately segment teeth and bony structures in CBCT scans despite the metal
artifacts (Minnema et al., 2019). The diagnosis of complicated cases in the CBCT
images needs the expertise and experience of the observer, but detrimental artifact is
a factor that impair the subjective image analysis. In challenging cases, Al solutions
are going to be a necessary tool in image analysis.
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Conclusions

The present studies showed the differences between dental and maxillofacial
restoration materials to generate artifacts in the CBCT images. Nonmetallic material
options, such as composite based materials, could be considered when postoperative
CBCT images are needed. Artifact reduction algorithms need to be improved to
achieve a diagnostically better image quality especially when zirconia-based
materials are present.

The main conclusions are:
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Composites including BaAlSiO, 20% (weight%) or more can cause
artifacts in the CBCT images while composites including BaAlSiO; 68%
(weight%) or more cause artifacts as intense as titanium.

Zirconia causes the most intense artifacts in CBCT images of the
investigated materials. Titanium causes artifacts in CBCT images,
especially when multiple implants are present.

FRC orbital floor implant does not cause detrimental artifacts in the CBCT
images. Titanium orbital floor implant causes artifacts in the CBCT
images.

The diagnosis of AP can be complicated in 70% of the CBCT images of
paranasal sinuses because of artifacts that can lead to misdiagnosis
between CRS and CRS with a dental origin.

Peri-implant bone or peri-implant bone defect cannot be diagnosed around
two side by side zirconia implants despite the metal artifact reduction
algorithm. Metal artifact reduction algorithm is not necessary for
diagnosing peri-implant bone around titanium and FRC implants.
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