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Summary

Magnetic resonance imaging (MRI), computed tomography (CT) and ultrasonography/ultrasound
(US) are sophisticated diagnostic modalities that are utilized in medical imaging in diagnostical
field. Unfortunately, all materials react differently and uniquely to the physics behind the MRI, CT
and US modalities. As a result, negative effect such as artifact creation occur, which leads to
uninterpretable medical images in specific areas of interest. In order to know how big of an area
will be covered up by artifact induced medical implants, 3D Slicer and Image J applications will be
used with thresholding, contouring technique and contrast to noise ratio calculation to be able to
assess the artifact affected volume, area and effect on the image interpretability. This method was
used on five samples, stainless steel, aluminium metal, dental implant material of Zr series Katana
Zirconia STML. Dental filling of K series ENAMEL plus HRi biofunction (MICERIUM S.p.A,
Italy). Dental implant material of E-max series Ivoclar Vivadent IPS E.max press, which are the
most popular materials for head and neck region medical implants, while scanning with three
different medical imaging modalities (MRI, CT and US). The results have shown that the biggest
artifact voulme was observed in CBCT kV imaging with water, with values ranging from 3344.54
mm?® to 16720.87 mm®, and the smallest artifact volume was detected in CBCT MV imaging
without water, with ranges from 301.115 mm?® to 1074.75 mm?®. Stainless steel sample has proved to
be the most artifacting medical material, with volume values ranging from 1074.75 mm? to
25493.33 mm?® across modalities, whereas K sample has shown the least amount of artifacting, with
values from 266.79 mm?® to 6855.21 mm? across imaging modalities.
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Santrauka

Magnetinio rezonanso tomografija (MRT), kompiuteriné tomografija (KT) ir ultragarsas (US) - tai
sudétingi diagnostikos btidai, kurie naudojami medicininio vaizdavimo diagnostikos srityje. Visos
medziagos skirtingai ir unikaliai reaguoja ] magnetinio rezonanso tomografija, kompiutering
tomografijg ir ultragarsa, dél $iy jrenginiy veikimo principy. Dél to atsiranda neigiamas poveikis,
pavyzdziui, artefakty susidarymas, todél tam tikrose dominanciose srityse medicininiai vaizdai
tampa neinterpretuojami. Norint suzinoti, kokio dydzio plotas bei turis bus padengtas artefakto
sukeltais medicininiais implantais, bus naudojamos 3D Slicer ir Image J programos su slenkscio
(angl. thresholding) nustatymo, kontiravimo technika ir kontrasto ir triuk§mo santykio
apskaiCiavimu, kad buty galima jvertinti artefakto paveikta turi, plota ir poveiki vaizdo
interpretacijai. Sis metodas taikytas penkiems bandiniams, neriidijan¢iam plienui, aliuminiui, Zr
serijos danty implanty medziagai Katana Zirconia STML. Danty plombos i§ K serijos ENAMEL
plus HRi biofunkcijos (MICERIUM S.p.A, Italija). E-max serijos danty implanty medziaga Ivoclar
Vivadent IPS E.max press, kurios yra populiariausos galvos ir kaklo srities medicininiy implanty
medziagos, skenuojant trimis skirtingais medicininio vaizdavimo btdais (MRT, KT ir US).
Rezultatai parodé¢, kad didziausias artefakto tiiris nustatytas CBCT kV vaizdavimo su vandeniu
metu - nuo 3344,54 mm? iki 16720,87 mm3, 0 maziausias artefakto tiiris nustatytas CBCT MV
vaizdavimo be vandens metu - nuo 301,115 mm? iki 1074,75 mm?. Nertdijancio plieno méginys
pasirodé¢ esas daugiausiai artefakty sukelianti medicininé medziaga, kurios tiirio vertés jvairiuose
vaizdavimo biduose svyravo nuo 1074,75 mm® iki 25493,33 mm®, o K meéginys pasizyméjo
maZiausiu artefakty kiekiu, kurio vertés jvairiuose vaizdavimo biiduose svyravo nuo 266,79 mm? iki
6855,21 mm°,
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Introduction

Medical implants are devices composed of synthetic materials which are implanted into the human
body for medical reasons, typically for a long time. They could be used to substitute body
components like hips and knees, distribute medicine like pain relievers, monitor and control bodily
processes like heart rate, and support organs and tissues [1]. Surgical meshes and stents are
examples of inert implants that are used to give structural support. Others are more active,
interacting with the body. [1, 2] These implanted medical materials' features and characteristics
have been thoroughly researched and characterised. However, their overall impact on image quality
in magnetic resonance imaging, computed tomography and ultrasound imaging is not thoroughly
explored as there is a lack of research papers on this subject. Orthodontic implants are the most
widely utilised, artifacts induced by dental materials can significantly reduce MRI and CT image
quality, limiting their diagnostic use [2, 3]. Artifacts can conceal a pathology or the anatomy of the
region being evaluated, making it harder to find anatomical structures for surgical treatments.
Streak artifacts are a prevalent issue in CT imaging. This form of artifacts can be caused by the
presence of high attenuation metal objects in the field of view, such as orthodontic bands, dental
restorations, surgical plates, and screws [3]. This is due to the fact that metal materials strongly
attenuate the X-ray beam, resulting in incorrectly high attenuation values for items behind the
metal. MRI, on the other hand, utilizes a mixture of a strong uniform magnetic field and radio
frequency pulses to make images [5]. When put in a magnetic field, all substances get magnetised to
varying degrees, based on their magnetic susceptibility values and in the images, these artifacts
appear as geometric distortions as well as dark holes or bright patches of signal pile-up [4, 5].
Whereas artifacts in ultrasonography (US) can lead to structures appearing in an image that are not
anatomically there, or structures that should be anatomically present to be missing from the image
[6]. Structures in US artefacts may also be present but inaccurate in position, brightness or size. The
US is prone to a variety of imaging artifacts, which are frequently observed in medical practice.
Artifacts have the tendency to obstruct image perception and interpretation [6, 7].

Main aim:

To evaluate the scale of image artifacts caused by implant materials in different medical imaging
modalities.

Tasks:
1. Analyse the causes of artifacts in medical images and their reduction methods
2. Determine the most common materials for the head and neck region
3. Develop a measurement method for artifacting evaluation
4. Perform artifacting evaluation with select materials in US, MRI and CT.



1. Literature review

1.1. Magnetic resonance imaging

MRI is a complex imaging modality, which working principle can be divided into four categories:
preparation, excitation, spatial encoding and signal acquisition [8].

Preparation begins when the patient is positioned in a static magnetic field created by the MRI
scanner's magnet. Countless hydrogen atoms are found in biological tissues, either in water
molecules or in a variety of other compounds. The proton, which is the nucleus of hydrogen, has an
inherent magnetism known as spin [8]. The Larmor frequency, which is proportional to the
magnetic field strength, rotates the spin magnetisation vector around the magnetic field. All protons
within the tissues align parallel to the magnetic field as a result of this magnetisation. The parallel
magnetisation scales with the magnetic field intensity; at 3 T, it will be around double that of 1.5 T
[9].

In the excitation phase, the scanner emits a radiofrequency (RF) pulse during the image acquisition
procedure. The RF pulse is in resonance when tuned to the Larmor frequency: it causes phase
coherence in the precession of all proton spins. The RF pulse's length is designed so that the spin
magnetisation is tilted perpendicular to the magnetic field. The nuclear magnetic resonance (NMR)
signal is generated when a receiving coil is placed near the tissue and the transverse magnetisation,
which is still rotating as the Larmor precession, generates an electric current in the coil via Faraday
induction [9]. Two simultaneous relaxation processes diminish the NMR signal. The NMR signal is
attenuated by a time constant termed the transverse relaxation period when the spin system loses
coherence, thus T2 sequence is made. During this period, the magnetisation vector steadily relaxes
towards its equilibrium orientation, which is parallel to the magnetic field: this is known as the spin-
lattice relaxation time, which creates the T1 sequence. The difference in T1 and T2 relaxation
periods between various tissues causes different contrast in MRI [8, 9].

Magnetic field gradients (smaller extra magnetic fields whose intensity is linearly proportional to
their spatial position) are used to encode the MRI signal's spatial information: protons spin at
slightly different speeds in various regions. Lorentz force is then exerted on the coils by the portion
of the gradient coils and associated current that is perpendicular to the main magnetic field [9].
During the MR image acquisition process, the gradients are switched on and off very fast, forcing
them to vibrate intensely and creating the majority of the acoustic noise [8, 9].

The NMR signal acquired using magnetic field gradients has distinct frequencies corresponding to
different tissue spin orientations and is referred to as the MRI signal. The analogue MRI signal is
digitised and stored after sampling for processing, which involves separating the signal
contributions from different spatial regions indicated via pixels inside the processed image. Fourier
transform is used to achieve all of this [8, 9].

1.2. Computed tomography

Computed tomography (CT) is a type of imaging that employs X-rays to create cross-sectional
images of the body. Cross-sections are then created by measuring the attenuation coefficients of X-
ray beams as they travel through the volume of the material being researched. CT is founded on the
fundamental idea that the attenuation coefficient may be used to calculate the density of the tissue
traversed by the X-ray beam [10,11]. Using this technique, CT allows for the reconstruction of body
density via a two-dimensional section perpendicular to the acquisition system's axis. The CT X-ray
tube generates N photons per unit of time (usually at energy levels between 20 and 150 keV).

10



Generated X-rays produce a beam that passes through a biological material layer with a thickness of
x. A detector at the sample's exit counts N + AN photons, with N being less than 0. The X-ray
beam's attenuation values are registered, and the information is utilised to create a 3D model of the
scanned object/tissue [11]. The CT scanner's detectors, unlike those used in x-ray radiography, do
not create an image. They test the transmission of a narrow X-ray beam across a whole body CT
scan. Image of that portion is acquired out of several angles, allowing the depth information to be
retrieved (in the 3-D). The computer utilises complicated mathematical procedures to recreate
tomographic pictures of the patient from the "precompiled” CT information [10, 11].

1.3. Ultrasonography (Ultrasound)

Ultrasound is a technique for diagnosing and treating patients that uses high-frequency sound. The
range of ultrasound frequencies is 2 to 15 MHz. Mechanical oscillations of many crystals in a
transducer, which are stimulated by electrical pulses, produce the ultrasonic beam by piezoelectric
effect [13]. The transducer is a device that transforms one type of energy into another. The
ultrasonic waves (sound pulses) are emitted from the transducer, move through various tissues, and
then rebound back as reflected echoes to the transducer. The transducer crystals transform the
returned echoes back into electrical impulses, which are then processed to generate the ultrasound
image displayed on the screen. Ultrasound transducers have a bandwidth, or range of ultrasound
frequencies, where general abdominal imaging, uses 2.5-3.5 MHz and superficial imaging, uses 5.0-
7.5 MHz [12, 13].

Ultrasound waves are reflected at the surfaces of tissues with various densities, with the reflection
corresponding to the impedance difference. The proportion of reflected sound increases as the
density difference grows, whereas the proportion of transmitted sound decreases proportionally.
When the tissue density difference is large, the sound is entirely reflected, resulting in total acoustic
shadowing [12].

1.4. Imaging artifact

The term "artifact” in radiology refers to something that appears on an image but in reality it is non-
existent due to a quirk of the imaging modality itself. Clothing, medical implants, body parts, and
other factors outside the patient might obscure or distort the image, which is referred to as an
artifact. Image noise is usually the most frequent artefact encountered in radiography, and it is
present in every modality and method. It can be reduced but never completely removed. Most
common artifacts for each modality are shown in tables from 1 to 7, but the list is not conclusive as
there are rare artifacts, which appear on extremely specific circumstances.

11



Table 1. Most common artifacts, which are observed due to imaged material sound absorption or reflection

in US modality [17, 18, 19, 23]

Modality

Example image

Artifact

us

Acoustic enhancement

Appears due to amplified echoes in
deep structures that transmit sound
effectively (ex. cyst) [23]

us

Acoustic shadowing

Materials, which extremely absorb or
reflect sound waves produce acoustic
shadowing (ex. bone, implants) [19]

us

Comet tail artifact

Imaging of tiny extremely reflective
objects produces the comet tail artifact
[17, 18]

12



Table 2. Most common artifacts, which are observed due to sound wave being stuck in US modality [14, 16,

21, 22]

us

Ring down artifact

Occurs if sound wave hits 4 air bubbles
in specific formation (inverted
tetrahedron), gets trapped and
continuously resonates [16]

us

Mirror image artifact

Reflected beam on the way back to
transducer encounters extremely
reflective surface and bounces twice
from the same initial location before
finally reaching the transducer [21, 22]

us

Reverberation artifact

Occurs when beam gets stuck between
two reflective surfaces and transducer
detects it later than supposed, therefore
the depth position of the object is
misread [14]

13



Table 3. Most common artifacts, which are dependent on the angle of the probe in US modality [14, 15, 20]

us

Refraction artifact

If ultrasound pulse hits the object non-
perpendicularly, refraction artifact
occurs, which is mitigated by increased
difference on propagation speeds
between tissues [14]

us

Speckle artifact

Scattering of waves from the surface
produces the speckle artifact, which
looks like a texture [15, 20]
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Table 4. Most common artifacts in CT modality [24, 25, 26, 34]

CT

Quantum mottle

Occurs when number of photons that
reach the detector fluctuates immensely
[25, 34]

CT

Photon starvation

If imaged object has high attenuation
(metal object), not enough photons
reach the detector and photon starvation
is observed [24, 26]

CT

Beam hardening

If low energy photons get selectively
attenuated, then only high energy
photons make the beam and beam
hardening artifact appears [24]
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Table 5. Most common artifacts in MRI modality, which relate to magnetic effect and tissue imaging angle

[31, 32, 35, 35, 40]

MRI

Magic angle effect

Appears in T1 weighted (short TE)
sequences. Confined to region of tightly
bound collagen, which is at 54.74° from
the main magnetic field [32]

MRI

Magnetic susceptibility artifact
Occurs when any type of object in
ferromagnetic and/or paramagnetic
categories distort the signal [39, 40]

MRI

Chemical shift artifact

Occurs when fat molecules and water
molecules are spatially misregistered
during frequency encoding direction
[31, 35]
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Table 6. Most common artifacts in MRI modality, which relate to electronic noise or signal reception [28,

29, 30]

MRI Dielectric effect
If patients scanning location size
exceeds the radiofrequency wavelength
(RF wavelength in air 234 cm; At 3T,
RF wavelength in human is 23 cm), the
dielectric effect appears [30]

MRI Zipper artifact
Electronic noise interference causes the
zipper artifact to appear and no solution
for it exists [29]

MRI Radiofrequency overflow artifact

Occurs when signal received from the
patient is too intense due to
malfunctioned receiver [28]

17




Table 7. Most common artifacts, which occur due to K-space errors and uneven excitation in MRI modality
[27, 33]

MRI Shading artifact

Occurs when radiofrequency pulses are
applied at flip angles other than 90 and
180 degrees and causes uneven
excitation of nuclei inside the magnetic
field [27]

Zero fill artifact

If K-space array data is missing at some
point during scanning, the abrupt signal
changes from no signal to existing
signal creates the zero fill artifact [33]

MRI

1.5. Magnetic susceptibility and permeability

The induced field (B) and applied field (H) are almost identical when there is no matter is present
throughout MRI. When matter is present in a given region of space, multiple electromagnetic
interactions take place that focus or scatter the magnetic lines of force [8, 9]. As a result, the
induced field (B) is generally never directly proportional to the applied field (H). Magnetic
susceptibility (x), also known as magnetisability, is a one-dimensional constant, which is
proportional to the applied field [36, 37]. When subjected to an external magnetic field, it is a
measurement of how much a substance magnetises. Another dimensionless constant is magnetic
permeability, which is considered a physical constant. Magnetic effects may be found in three
types. Almost all biological tissues are diamagnetic in a weak way. Except for minuscule amounts
of magnetite, the human body has no endogenous ferromagnetic substances [37]. In contrast, most
extrinsic metallic foreign entities and implanted devices seen in magnetic resonance imaging are
ferromagnetic [9, 38, 39].

18




Table 8. Material classification based on interactions with magnetic field [40]

Type of magnetic | Effect on applied Magnetic Significance Example

effect magnetic field permeability/susceptibility

Diamagnetism Internal p<1(ory<0) Unlikely to cause | All biological
magnetization Slightly lower permeability than an artifact tissues;
opposes the applied free space; Ceramics
external field. Negative susceptibility
Magnetic field lines
are spread or thinned.

Paramagnetism Magnetic field lines pu>1 (ory>0) Least likely to Titanium
are focused in the Slightly higher permeability than | cause an artifact alloys;
item; internal free space; Aluminium

magnetization is in
the same direction as
the externally applied
field.

Positive susceptibility

Ferromagnetism

Magnetic field lines
are concentrated in
the object;

Strongly attracted by
a magnetic field

p>>1(ory>>0)

High permeability;

Positive susceptibility

High potential to
cause MRI

artifacts

Stainless steel

The greater a material's magnetic permeability, the bigger the magnetic field distortion (the
magnitude of the resulting artifact) [40]. As a result, alloy composition is significant in the
formation of MRI artifacts. Other critical considerations include the metallic material's size and
form, including its location inside the body. Even when in close vicinity to dental materials with
low magnetic susceptibility, magnetic resonance imaging without artifacts is possible (precious
metal alloys and titanium) [41]. Regrettably, not all current dental materials meet this low magnetic
susceptibility requirement. (Table 8) [37, 40, 41].
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Table 9. Listing of orthodontic appliance compatibility with magnetic field [14] Ax — susceptibility
difference between susceptibility of material and susceptibility of water. SE — Spin Echo, GRE — Gradient
Echo. [37]

Classification | Description Significance Example
Compatible Compatible: Ax < 3 ppm Fully compatible Resin-based sealer, zirconium
materials; dioxide, glass ionomer cement
Material produces no detectable Can be present even in the
distortions on either SE or GRE location of interest.
imaging
Compatible | Compatible I: 3 < Ax < 200 ppm Limited distortions; Gold alloy, amalgam, gold-

ceramic crowns, NiTi
orthodontic wires, titanium

T_he mgterial causes §i_gnificant !mage usapil_ity and alloy, aluminium
distortions; acceptability is interpretability depends on
determined by the application. area of interest
Non- Non-compatible: Ax > 200 ppm Strongest distortions Stainless steel orthodontic
compatible appliances (wires, brackets)

Even when the material is placed far | Classified as non-
away from the imaging field, it compatible
creates significant image distortions.

1.6. Artifact reduction methods in MRI

In MRI there are a total of three methods used for artifact reduction, which include View angle-
tilting (VAT), Multi-acquisition variable resonance image combination (MAVRIC) and Slice
Encoding for Metal Artifact Correction (SEMAC) [42, 43]. When it comes to correcting in-plane
distortions, a technique known as view-angle tilting (VAT) can be quite effective. VAT makes use
of the fact that the slice displacement and in-plane displacement created due to off-resonance are
both widely defined and also have a fixed value [3, 8]. VAT replicates the slice-selection gradient
which shears the image during the readout. As a result, in-plane displacements are nullified, and in-
plane displacements are eliminated. VAT, on the other hand, by itself doesn't fix the slice distortion.
Another interpretation of VAT is that the radiofrequency stimulates a specified bandwidth. Off-
resonance is restricted to the RF bandwidth and in-plane distortion is nearly removed by repeating
the slice selection gradient. The disadvantage of VAT is that the readout length is restricted to those
from the radiofrequency excitation, which might produce blurring. This reduces the SNR resolution
or spatial resolution that could be attained [44]. When utilising VAT, a high bandwidth readout is
essential for preventing blurring and eliminating residual effects from tilting the voxels. This is
made possible by spectral-spatial excitation, which stimulates both a limited and a limited
frequency band. Because the frequency range is short, the in-plane artifact is limited. The
disadvantage of this approach would be that the excitation should be done for each frequency,
which in reality increases scan time duration. [42, 43].

MAVRIC is an approach to solving displacement artifacts in both in-plane and through-slice.
Frequency-selective excitation while using MAVRIC limits the number of frequency offsets imaged
at one at a time [42, 8]. This is then followed up by a standard 3-dimensional image readout, which
is commonly done with a spin echo train. While its frequency range is reduced, the in-plane
displacement is usually less than a pixel [43, 44]. MAVRIC prevents slice-direction dislocation by
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resolving them in this direction utilising phase encoding. The 3-dimensional images are then
replicated for a number of frequencies and then aggregated using a sum-of-squares algorithm. The
combined images have less artifacts and offer a signal from a variety of near-metal frequency
offsets [44, 45].

The SEMAC approach, like MAVRIC, fixes artefacts created by metal objects by effectively
encoding each excited slice against metal-induced field inhomogeneities. That way, SEMAC can
correct in-plane and through-slice artifacts [42, 43]. The view-angle tilting (VAT) spin-echo (SE)
series is strengthened with extra z-phase encoding to provide robust slice encoding. But even
though the VAT correction gradient eliminates most in-plane distortions, z-phase encoding entirely
eliminates distorted excitation patterns that cause through-plane distortions. By summing up the
fixed spins in each voxel, through-plane distortions could well be corrected by aligning all spins in
a region of interest to their correct spatial locations [46, 47]. The SEMAC approach requires no new
additional hardware and is compatible with a wide range of full-body MRI devices. The SEMAC
method's efficiency in reducing metal-induced artifacts while maintaining tolerable scan time
durations [47, 48].

1.7. Artifact reduction methods in CT

Metal induced artifact reduction solutions focus on minimising all of the artifact's principal causes,
which include beam hardening, photon hunger, scatter, noise, edge effects, and the combined effect.
The methods adopted fall into three categories: 1) adjusting conventional acquisition and
reconstruction, 2) modifying projection and/or image data, 3) dual-energy CT applications (DECT)
[8, 39].

Increasing the kVp and mAs is a traditional way for lowering the amount of metal artifacts. More
photons will reach the detector when the average photon energy is increased by increasing kVp,
since lower energy photons are much more easily attenuated by metal objects than high-energy
photons with greater penetration. Increasing the mAs value also boosts the number of photons that
reach the detector, reducing noise and photon-starvation [50, 51]. Slightly less overall collimation,
or detector width, minimises scattering. Using an extended Hounsfield Unit (HU) scale and a soft
reconstruction kernel rather than a bone kernel after image capture reduces the visual predominance
of metal induced artifacts. [51, 52]

The Metal Artifact Reduction (MAR) algorithm is used to change the projection and/or image data.
Each vendor does have its own modified and protected version of MAR (iMAR (Siemens), O-MAR
(Philips), SEMAR (Toshiba/Canon), SmartMAR (General Electric)), but the underlying technology
remains the same [50]. The core of MAR methods is the in-painting approach, which identifies
distorted projection data caused by the presence of metal and then replaces this distorted projection
data with averaged or interpolated data from nearby detector components. An unadjusted image is
constructed utilising CT projection data or a sinogram to do this. The metal implant affected image
is then generated using thresholding [50, 52]. Any pixels with a higher value are presumed to be
from the metal CT image throughout this technique. A metal sinogram is created by projecting the
metal image forward and merging it with the original sinogram. Back-projecting the revised
sinogram yields a rectified picture that may be used as a starting point for further changes [51].
Because of the limitations of thresholding, this method reduces metal induced artifacts while
simultaneously introducing new artifacts, resulting in an insufficient new sinogram. [50, 52].
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Figure 1. Head CT with dental fillings before (a) and after (b) the use of MAR [53]

As a result of recent breakthroughs in artificial intelligence, deep learning (DL) has acquired favour
in the field of medicine. Image-based MAR algorithms have largely employed DL in CT. The bulk
of DL-MAR algorithms require paired data and are supervised. The difficulty of collecting data
from real patients is a major limitation of supervised techniques. To deal with this problem,
generative adversarial networks (GANs) have been extensively studied as a cornerstone for
unsupervised techniques [54]. The GAN is a generative model designed to generate samples
directly from a distribution of data without explicitly modelling the underlying probability density
function. A generator G and a discriminator D are the two neural networks that make up this
system. For simplicity, the input to G, z is pure random noise taken from a previous distribution
p(z), which is generally chosen to be a Gaussian or uniform distribution [54, 55]. G's output, Xg, is
anticipated to be visually comparable to the genuine sample X, selected from the genuine data
distribution pr (x). The nonlinear mapping function learnt by G and parameterized by 64 is denoted
as Xg = G(z; 0g). D accepts either a real or created sample as input. D, y1 returns a single value
indicating if the input is a legitimate or a false sample. y1 = D(x; d) denotes the mapping learnt by
D and parameterized by 64. Following successful training, the generated samples form the py(x)
distribution, which is meant to approximate pr (x). Equation 1 and 2 shows how D and G's training
objectives may be stated mathematically [54, 55, 56]

e max Ey, -, (o[ log Dx)] + Exp (o[ log(l = D(x))], (1)
LEAN - n}i_n E ~p.collog(l = D(x,))]. 2

GAN-based MAR algorithms for images with metals have recently attracted a lot of attention in
diagnostic radiology. In therapeutic radiology, a two-dimensional (2D) cycle-consistent GAN
(CycleGAN)-based MAR method in intensity-modulated radiation for patients with dental fillings
has been suggested [56]. By eliminating manual demarcation and maintaining consistent dosage
distribution against metal artifacts, this highlighted the planning method' efficiency. However, their
conclusions were based on 2D research using artifact-corrected CT volumes and the water density
override method [56, 57]

Dual energy CT can reduce metallic artifacts by reconstructing the images acquired with two
photon spectra at different kVp’s. Fast kV-switching of tube voltage, multiple tubes, a dual-layer
detector, or a beam split filter are used to generate the spectra [58, 59]. There are two methods for
recreating a picture once the projection data has been recorded. The first technique generates virtual
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monochromatic images by reconstructing them from two sets of projection data recorded and
processed at the same time. The other technique generates virtual monochromatic images in the
image domain by reconstructing images at the two kVp levels separately [58]. Because virtual
monochromatic images depict reconstructions at arbitrary average energies, they may be used to
optimize contrast and reduce artifacts. Extrapolating to higher virtual monochromatic energies
reduces the effects of low-energy photons, resulting in fewer beam hardening artifacts [60, 61].

1.8. Artifact reduction methods in US

The physical characteristics of ultrasound, such as beam generation, sound propagation through
matter, sound engagement with reflecting surfaces, and echo detection and processing are used to
create a US picture [6, 62]. The position and strength of each received echo are assigned using
physical presumptions by ultrasound display devices. These presumptions are based on that the
speed of sound in human tissue is constant, the sound beam and its echo travel in a straight path,
and the acoustic energy in an ultrasound field is uniformly attenuated [6, 63]. These assumptions
are frequently disregarded in clinical sonography and as a result, echoes may be shown incorrectly,
and mistakenly as artifacts [62, 63]. Artifacts appear as a result of inaccuracies caused by
ultrasound beam properties, various echo routes, attenuation problems and velocity errors.
Morphological image processing (MIC) is a method of altering a picture's pixels. The pixels in a
grayscale image are distinguished by binary values of 0 and 1, and the procedure is carried out by
using either complex image processing algorithms or straightforward mathematical calculations [6,
63, 64]. Erosion and dilation, as well as opening and closure, are a few examples. The main
objective of morphological image processing is to get rid of undesirable artefacts and increase
medical image quality. In an image, an object is represented by a specific group of pixels known as
object pixels. Background pixels are usually depicted as white and are shown individually. Erosion
turns pixels linked with the object's boundaries to background pixels, whereas dilatation changes
bordering background pixels to those linked with the object [64, 65]. Objects diminish during the
erosion process and increase in size or even fuse during the dilatation process. In morphological
image processing, the two techniques may be combined to alter an image by performing erosion and
then dilation, which results in opening. To smooth up the image, filaments and isolated pixels can
sometimes be deleted from the object in this way. The closure operation can be used to filter
background pixels by removing gaps and pixels that were previously known to be out of place.
Skeletonization is a morphological image processing method in which superfluous pixels are
deleted in order to generate single lines [6, 64, 65, 66].
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Table 10. Comparison of artifact reduction methods in MRI, CT and US systems [3, 6, 8, 43, 44, 56, 57, 60,

61, 63, 64]

Method Advantages Disadvantages

VAT (MRI) Is integrated in almost every diagnostic MRI; Unable to fix through-plane slice distortions,
Cancels in-plane displacements at the cost of 'Fherefore signal pile-up’s may occur near metallic
slightly tilted images. implants;

Produces blurring.

MAVRIC Excited limited frequency bands; Generates a lot of heat (Specific Absorption

(MRI) Using phase encoding avoids slice-direction Rate) in metallic implant, which leads to
displacements; probability of scan inhibition;

Minimal artifacts, includes signals from offsets
near metal.

SEMAC (MRI) | Excites limited spatial bands; Might create “potato-chip” artifact on soft tissues
Metallic implants can be seen almost clearly at the cost of better visualisation on prosthesis or
without distortion or pile-up artifacts. implant.

kVp and mAs kVp increase: high energy photons won’t be Higher dose received by the patient;

increase (CT)

easily attenuated by the metallic implant;

mAs increase: lowers the noise and photon-
starvation, therefore more photons will reach the
detector.

Is not as effective as MAR or DECT methods.

MAR (CT) Thresholding; Contstraints of thresholding can introduce new
Produces and compares two sinograms (original | artifact, due to inadequate sinogram.
and corrected);
Combines both sinograms to create an image
with fewer artifacts.

DECT (CT) Two photon spectras at different kVp’s; Long reconstruction times (~5min.);
Lower kVp image is used to optimize contrast Very sensitive to motion artifacts and noise.
and reduce artifafcts; Reduced effect on metallic implants with higher
Higher kVp image reduces beam hardening and | Molecular weight and bigger size.
metallic artifacts.

MIC (US) Wide variety of filters to achieve efficent and Requires external hardware and software to

effective denoising.

properly denoise the image, and knowledge of
how to implement variety of filters.

1.9. Medical implant materials

Minerals and metals are crucial parts of medical equipment that enable millions of people to live
healthy lives. Implanted devices in the human body can replace, support, or improve an existing
bodily component [67, 68]. Numerous different devices are capable of diagnosing, monitoring, and
treating clinical diseases, therefore saving lives and increasing people's quality of life. There are
several medical devices available, each with its own set of materials and unique properties. Main
properties of each material are divided into three categories: bulk properties, surface properties and

biocompatibility [67, 68, 69].

Bulk properties require the materials to have high modulus of elasticity, where implant material
must have an elasticity value comparable to bone. Shear strength and fatigue strength require the
implant to be resistant to fractures under cyclic loadings. Ductility in implant is necessary for
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shaping and contouring of implant [70]. Ductility is the most important factor in orthodontics. Last
bulk characteristic is hardness and toughness, which determines the rate of wear of the implant and
prevents fractures [68, 69].

Surface properties consist of surface tensions and/or surface energy, which determines the
wettability of implant by wetting fluids and adsorption of proteins. Surface roughness is also
present in surface properties and leads to changes within surface roughness of implants affect cell
and tissue response by increasing the surface area of the implant in near proximity to to bone and so
enhancing cell adhesion to the bone [67, 71]. Different criteria, namely as roughness, texture, and
irregularity of orientation, have been used to classify implant surfaces. Surface morphology of
implant surfaces is being classified as minimally rough (0.5-1 m), intermediately rough (1-2 m), or
rough (2-3 m) [71, 72]. The texture of the implant surface can alternatively be characterised as
concave texture or convex texture. Lastly, the orientation of surface imperfections on the implant
surface may be classified into isotropic surfaces that have a same topology regardless of
measurement direction, and anisotropic surfaces, which feature distinct directionality and a broad
range of roughness [68, 69, 71].

Biocompatibility is the ability of a medical implant material to respond favourably in a certain
biological environment in a specific purpose. Mostly it depends on corrosion resistance, crevice
corrosion, omitting corrosion, galvanic corrosion and electrochemical corrosion, which means that
corrosion resistance is mandatory for implant biomaterial as corrosion can cause surface
roughening, weakness to restoration, chemical components release from the metal or alloy, and
adverse reactions [67, 68, 71]. Adjacent tissues could become discoloured, and patients might
experience allergic responses as a result of chemical component release. The most popular medical
implant materials are stainless steel, zirconia ceramics, aluminium and titanium alloys (Ti 6Al 4V)
[71, 72].

1.9.1. Stainless steel

Stainless steels are often the primary metallic materials utilised in medical devices. Stainless steels
used for medical devices ought to have exceptional mechanical qualities such as hardness, tensile
strength, wear resistance, fracture toughness, elongation, and creep resistance, among others. All of
these attributes are accomplished by integrating the charge materials' characteristics with the
elaboration methods [73]. Approximately one percent of total of stainless steel output is utilised in
medical applications, such as tools and surgical components, necessitating its increase [73, 74].
Despite this, there are exceptions to the general rule, which are enforced by special criteria for
resistance to corrosion, as well as the amount and size of permitted impurities [75, 76]. The
stainless steels family for medical devices may be classified in a variety of approaches, but the one
that most accurately describes metallographic structure appears to include ferritic steels, austenitic
steels, martensitic steels, and duplex steels (ferrite and austenite mixture) [74, 77]. The chemical
composition, also known as alloying degree of these steels, as well as the thermal and mechanical
treatments used, determine how steels are made. The primary purpose of alloying elements is to
increase resistance to corrosion while also enhancing mechanical and physical qualities. The
alloying elements can be alphageneous (Cr, Mo, Si, Ti, Nb) and gamageneous (C, Ni, Mn, N) in
order to increase the spacing of solid solution [73, 75, 77]. The structure of stainless steel is usually
determined by the presence of alphageneous and gamageneous components in its composition
(Figure 2) [73, 78].
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Figure 2. Schaeffler diagram for stainless steels [78]

Table 11. Differences between Austenitic stainless steels and Martensitic stainless steels [76, 77]

Dimensions Austenitic Stainless Steel Martensitic Stainless Steel

Definition Austenitic stainless steel is a type of Martensitic stainless steels contain
stainless steel alloy that has excellent | greater amount of chromium and,
resistance to corrosion as well as primarily, no nickel
outstanding mechanical
characteristics.

Composition Major ingredients include iron, Iron, chromium and carbon
chromium, nickel, and carbon.

Nickel Contains about 8 to 10% nickel Contains no nickel

Magnetic Properties Diamagnetic

Ferromagnetic

Applications at hight temperatures | Can be used at both low and high

temperatures.

Cannot be used at high temperatures.

Crystal structure Face-centered

Body-centered

Corrosion resistance Exceptional corrosion resistance

Marginally less corrosion resistance

ISO 7153-1/1991 outlines typical stainless steel categories used for surgical and dental instruments
used globally, as well as usage guidelines. Austenitic and martensitic stainless steels are hence the
most often utilised stainless steels for medical equipment. Austenitic stainless steels have low
carbon content (0.1%), a composition of 12-25% Cr, and a content of 8-30% Ni, and exhibit
austenitic stability until cryogenic temperatures [73, 76]. Such steels offer excellent mechanical
characteristics, such as resistance to corrosion, ease of processing through plastic deformation, and
good welding behaviour, but they come at a premium price. The poor corrosion resistance of
austenitic stainless steels under strain limits their practical use, especially in chloride solution
conditions at high temperatures [77]. Austenitic stainless steels are used in medical devices that
require reduced resistance to corrosion, such as cannulas, containers, dental impression trays, steam
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sterilisers, hypodermic needles, storage cabinets and workstation tables etc. Martensitic stainless
steels are most commonly distinguished by a high chromium concentration, consisting of 12-17%
and a higher carbon content of above 0.1%. In certain situations, the carbon concentration can reach
0.4-0.5%, and in exceptional circumstances, 1.0%. Silicon might be added to strengthen their
resistance to heat oxidation, and they are alloyed with 2-4% Ni to improve toughness [73, 75].
Titanium may be also present in some martensitic stainless steels. Surgical and dental instruments
are frequently made of martensitic stainless steels. Heat treatment could also be used to harden and
temper such stainless steels. As a result, they would generate a wide range of mechanical qualities,
including increased hardness for cutting instruments such as scalpels, forceps, chisels, dental pliers,
and etc. Ferritic stainless steels are used for a limited number of medical instruments, such as solid
handles for guiding pins and forceps. Duplex stainless steels have yet to have a substantial influence
on the medical field [74, 76, 77].

1.9.2. Aluminium

Aluminium is mostly used as a part of titanium alloys (Ti 6Al 4V and Ti 6Al 7Nb) or as a
sandblasting and acid-etching process (Al,O3), which coats the implant for increased
biocompatibility [79]. Dental implant surfaces play an important role in osseointegration and
therefore remain to be the focus of biomedical research into how surface alterations impact
osteogenic capability. Dental implants had largely machined surfaces in the early decades after their
debut, which were made using turning, milling, or polishing procedures [80]. Even though
manufactured implants have a good long-term rate of survival after osseointegration, they need a
somewhat longer recovery period of 3 to 6 months based on anatomical location and bone quality,
and they have a relatively high chance of premature failure [79, 80].

Titanium alloys have excellent mechanical qualities as well as biocompatibility and resistance to
corrosion, making them ideal for medical applications. For example, Commercially pure titanium
(CP-Ti) and Ti 6Al 4V are frequently utilised in the manufacture of implants [80]. Because
vanadium is poisonous and can harm the human body, Ti 6Al 7Nb was created on the basis of Ti
6Al 4V to combat the potential negative health consequences of this alloying element. Al is also a
confirmed harmful element that has been linked to Alzheimer's disease. Aluminium chloride has
also been shown experimentally in animal cancer models to induce breast cancer. As a result, the
high Al concentration of Ti 6Al 4V and Ti 6Al 7Nb is cause for concern, and long-term
unfavourable health consequences cannot be ruled out [79, 80].

1.9.3. E-max

Lithium disilicate glass ceramics (LDGC), also known as Emax crowns, are cosmetic dental
products manufactured from SiO,-Li,O-Al,03-K,0-ZrO,-P,05 glass systems by a method of solid-
state reaction [81]. LDGCs are noted for their excellent durability and are the oldest known dental
repair technology. LDGC contains 70% lithium disilicate (Li,Si,Os) crystals contained in a matrix
mostly composed of SiO,, Li,O, Al,03, K;0, P,0s, and various oxide replacements similar to a
needle-like structure [82]. The diameters of the Li,Si,Os crystals reinforced in the glassy matrix are
only a few microns, and the architecture is interlocking, enabling high tensile strength of 360—400
MPa [81]. LDGCs are ideal materials for dental implants due to their chemical stability, appealing
nature, and improved optical translucency [81, 82].
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1.9.4. Zirconia

High strength zirconia ceramics have been popular as novel materials for dental implants in recent
years. They are thought to be inert in the body and exhibits way less ions than metal implants [83,
84]. Because of their superior fracture resistance and flexural strength, yttrium-stabilized tetragonal
zirconia polycrystals appear to provide benefits over aluminiuim oxide for dental implants. They've
been also utilised effectively in orthopaedic surgery to make sphere heads for complete hip
replacements, which has been the biomaterial's primary application today [81, 82, 84]. Because of
its toothlike colour, mechanical qualities, and hence biocompatibility, zirconia appears to be a
viable dental implant material. Implant-related apical bone loss and gingival recession frequently
expose sections of the metal implant, showing a bluish colour of the underlying gums [82, 83].
Thus, the usage of zirconia implants prevents this problem and fulfills to many patients’ requests for
metal-free implants [83, 84]. In addition, the material has great fracture toughness, strength, and
biocompatibility. The inflammatory reaction and resorption of the bone caused by ceramic particles
are lower than those induced by titanium particles, indicating that ceramics are biocompatible [81,
83, 84].

195, K

Leucite is a feldspathoid rock-forming mineral that is silica-undersaturated and made up of
potassium and aluminium tectosilicate K[AISi,Og] and it is a key crystalline component of dental
porcelains [85, 88]. Tetrahedral leucite enhances overall coefficients of thermal expansion of dental
porcelains due to its high coefficient of thermal expansion. This seems to be especially beneficial
for porcelains that are designed to bind to precious metals and alloys [86]. Dental porcelain is
obtained by increasing K20 (potassium oxide) concentration in alumino-silicate glass. Glass-
ceramics made of leucite are extremely biocompatible [87]. Aside from its excellent physical,
chemical, and mechanical qualities (Table 12), this type of glass-ceramic is ideal for computer aided
machining. This form of glass-ceramic is made using a technigue that controls the nucleation and
crystallisation process of a base glass [86, 88].

Table 12. Comparison of mechanical, physical and chemical properties of K and Emax samples [81, 82, 87,
88]

Properties Units K Emax
Biaxial flexural strength MPa 160 300-420
Fracture toughness MPa*m*2 1.3 2.0-2.5
Hardness MPa 6200 5700-5900
Elastic modulus GPa 62 90-100
Coefficient of thermal expansion 10° K* 17-18 10.2-10.7
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2. Materials and methods

Experiments were performed on a Varian Medical Systems VISION 3253S2 CBCT (6 MV and 125
kV) system, Siemens MAGNETOM Amira 1.5 T with head coil and Sag T1 TSE sequence, and an
U5 Harmonic ultrasound machine with two different frequency probes of 6.5 MHz and 7.5 MHz
(figure 3).

- "

Figure 3. US 6.5 MHz rounded probe (a) and 7.5 MHz linear probe (b) [97, 98]

Samples were obtained in accordance to materials, which are most commonly used in medical
implants and shaped to be in somewhat similar size. Five samples in total were chosen and included
stainless steel (SS) (3 cm x 1 cm 0.1 cm), aluminium metal (Al) (3 cm x 1 cm 0.1 cm), and three
types standard filling/dental prosthesis materials from Zr series, K series and E-max series. Zr
series Katana Zirconia STML (1.3 cm x 1.25 cm x 0.1 cm) made from transparent multi-layer
zirconium dioxide and chemical composition ZrO,+HfO, (88-93%); Y,03 (7-10) %; other oxides
(0-2%). K series ENAMEL plus HRi biofunction (MICERIUM S.p.A, ltaly) (r =1.8 cm x 0.1cm)
Is a composite material which is obtained by UV beam hardening with main chemical components
urethane dimeticrilate, tricycle decane dimethanol dimeticrilate and filling consisting of silica
dioxide particles (0.005 pum) and glass particles (0.2-3 pum). E-max series Ivoclar Vivadent IPS
E.max press (1.3 cm x 1.1 cm x 0.1 cm) lithium disilicate-enriched pressings glass ceramics with a
chemical composition of SiO; (57-80) %, Li,O (11-19 %), K,0 (0-13 %), P,Os (0-11 %), ZrO, (0-8
%), ZnO (0-8 %), other oxides: Al,O3;, MgO, La,0O3 and pigments (0-10 %). In order to properly
image the samples a special sample holder, which would not obstruct the irradiation process (CBCT
kV and MV) of the sample and would not produce any additional artifacts when imaging, (Figure 4)
was 3D modelled with 3D printer Zotrax M300. The samples were then imaged while submerged in
water for MRI, US and CT, while CT imaging was also performed without water [91, 92, 93, 94].
T1-weighted imaging was chosen due to the fact that short TE and TR timings are used to generate
T1-weighted images [90]. The image's contrast and brightness are mostly governed by the T1
characteristics of the tissue. T2-weighted pictures, on the other hand, are created by employing
longer TE and TR periods. The contrast and brightness of these pictures are mostly governed by the
T2 characteristics of the tissue. T1-weighted imaging can also be conducted with Gadolinium
injection. Gadolinium is a non-toxic paramagnetic contrast enhancer. When gadolinium is injected
during the scan, it reduces signal intensity by shortening T1. As a result, gadolinium appears
particularly bright on T1-weighted imaging [89]. Thus the T1-weighted imaging sequence is
extremely valuable in diagnostic imaging and is more susceptible to artifacts due to incompatible
medical implants. Image J software was used for evaluation of images by contouring the artifact
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size and determining the affected area in US images [96]. 3D Slicer software was used for CBCT
and MRI artifact volume determination with the usage of thresholding and 3D modelling. Also,
contrast to noise ratio (CNR) was calculated by measuring a fixed size field (ROI) of 10 cm x 10
cm on the image where no artifact (background) was present and then in a location where artefact
and background was present [95].

Figure 4. 3D modelled sample holder

IPS e.max Press Lithium-Disilicate

Figure 5. Upper image: Ivoclar Vivadent IPS E.max press (E-max), Katana Zirconia STML (Zr) and
ENAMEL plus HRi biofunction (K) samples; Image on the left: E-max sample atomic force microscopy
image [99]; Image on the right: Zr sample atomic force microscopy image [100].
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3. Results

After performing sample (Figure 6) imaging with MRI, CT (Table 15) and US (Figure 9 — 18)
medical imaging modalities, the Image J and 3D Slicer analysis (Figure 7-8) presented the
following results:

Figure 7. Measuring the affected artifact area with Image J by contouring the artifact and subtracting the
implant material.

Anrtifacting volume calculations were performed in a specific workflow with 3D Slicer application,
which is presented below. All of the sample images underwent the same workflow, but as an
example, the CBCT kV without water Zr sample is shown. Due to barely noticeable difference the
human eye cannot correctly differentiate the grayscale image between the artifact and sample itself,
as both of them are purely white. That is why, 3D Slicer application applied thresholding to exclude
the sample material itself out of volume calculations, because in reality the sample had higher
grayscale values than the artifact. Furthermore, after cutting the unnecessary parts of the 3D model,
only the artifact volume remained for calculations.
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Figure 8. Workflow of artifacting volume determination of CBCT kV without water Zr sample while
applying thresholding in 3D Slicer application
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3.1. CBCT and MRI artifacting results

According to table 13 presented below, in CBCT imaging, the most affected volume of the artifact
was found in CBCT kV imaging while samples were submerged in water, where Zr sample
exhibited the greatest image distortion (16720.87 mm?®), and aluminium sample provided the
smallest distortions as the artifact volume was only 3344.54 mm?®. CBCT kV without water and
CBCT MV imaging with and without water presented much lower image distortions, compared to
CBCT kV with water. On other hand, CBCT kV imaging without water showed higher artifact
volumes for Zr (3282.44 mm®) and stainless steel (6224.28 mm?®) samples, but the artifact volume
of K (266.793 mm®), E-max (610.956 mm°®) and aluminium (1410.44 mm?®) samples was lower
when compared to CBCT MV imaging with water. Overall, CBCT MV imaging is less susceptible
to artifacts, than CBCT KV imaging, but the best results would be achieved in CBCT imaging
without water, yet in reality it is impossible due to the fact, that mostly humans are being imaged
and they are made mostly out of water.

Table 13. Artifact affected volume in CBCT kV and MV with water and without

CBCT With H,0 kV \ Without H,O kV \ With H,0 MV Without H,O MV
Sample Artifact volume, mm?

Zr 16720.87 3282.44 1727.94 419.245

Stainless steel 12540.62 6224.28 1478.58 1074.75

K 6855.21 266.793 896.396 301.115

E-max 8527.29 610.956 889.447 430.826
Aluminium 3344.54 1410.44 1994.31 365.97

Table 14. Artifact affected volume in MRI with Sag T1 TSE sequence with water

MRI Sag T1 TSE

Sample Artifact volume, mm?®
Zr 362.973

Stainless steel 25493.33

K 188.894

E-max 883.357

Aluminium 2400.07

In MRI imaging the biggest artifact was exhibited by stainless steel sample (25493.33 mm?®), as it is
a ferromagnetic material, has high electroconductivity and low thermal conductivity (15 W/mK),
therefore distorts the image the most. Aluminium is also a ferromagnetic material, has high
electroconductivity, although it is less electroconductive than stainless steel, but has better thermal
conductivity (237 W/mK), therefore it produced lower artifact volume of 2400.07 mm?® in
comparison to 25493.33 mm?® of stainless steel. Out of dental implant materials/dental filling of Zr,
K and E-max samples, the latter one showed the biggest artifact volume of 883.357 mm?, where Zr
and K artifact volumes were 362.973 mm?® and 188.894 mm?®, respectively. Overall, MRI is the best
modality for people with dental implants/dental filling made out of Ivoclar Vivadent IPS E.max
press (E-max), Katana Zirconia STML (Zr) or ENAMEL plus HRi biofunction (K) samples, as they
produce the least amount of artifacts.

33




Table 15. View of the biggest artifacting area of each imaged sample in CBCT and MRI modalities

Sample CBCT kv CBCT kV with H,O CBCT MV CBCT MV with MRI
w/o H,O H,O

Zr

=

SS

E-max

Al
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3.2. US artifacting results

Artifacts in US imaging are different due to unique interactions between sound and imaged
material, as materials density and surface plays an important role. Higher density materials lead to
increased chance of the appearance of reverberation artifact, whose intensity is determined by the
frequency of the probe, density and surface of the examined material. Higher frequency probes
produce high resolution images, but are only usable in surface examinations, whereas lower
frequency has greater penetration, but lower resolution. 7.5 MHz imaging of Zr, stainless steel, E-
max and aluminium samples produced the reverberation artifact, as seen in [14], but with different
intensities. Stainless steel sample produced the largest reverberation artifact combined with follow-
up noise with an artifact area of 70550 mm?, where aluminium, E-max and Zr samples created
smaller reverberation artifacts by a large margin, 34818 mm? 26749 mm? and 22659 mm?
respectively. Artifact area is the largest for stainless steel as the material has the highest density
among other samples. The K sample in 7.5 MHz imaging exhibited a different type of artifact
(Figure 13), called acoustic shadowing, which was mentioned in literature review [19]. This artifact
appeared as sound waves were not able to pass through the sample, thus creating a shadow.
Acoustic shadowing does not “distort” the image, but prevents the visualisation of object behind the
implant.

While imaging the samples with 6.5 MHz probe, the Zr sample produced only noise, also known as
speckle artifact [15, 20], which in reality is quite common and nearly impossible to remove.
Stainless steel sample exhibited a sub-type of reverberation artifact, named ring down artifact
(Figure 12), which was discussed in the literature review [16]. Ring down artifact is rare as it
requires extremely specific circumstances in order to appear. This artifact occurs when the sound
wave is trapped between 4 air bubbles on the examined surface, where three bubbles are on top and
one is nestled deep to them. The trapped bubbles on the surfaces resonate and emit a continuous
signal back to the probe. Aluminium and E-max samples produced the same reverberation artifact
in 6.5 MHz imaging, but artifact created by aluminium (30121 mm?) was larger than E-max (9487
mm?). The K sample in 6.5 MHz imaging created the same acoustic shadowing artifact as in 7.5
MHz imaging, just in a larger size of 14873 mm? compared to 7512 mm? While comparing the

34




surfaces of Zr and E-max sample, it was noted that Zr sample has a smoother surface (Figure 5)
when analysed with atomic force microscopy, compared to E-max thus rougher surface material
produced larger artifact. Overall, in ultrasound imaging higher density of the material and rougher
surface forces the creation of larger artifact.

Table 16. Artifact affected area in US with 7.5 MHz and 6.5 Mhz probes

us 7.5 MHz probe 6.5 MHz probe
Sample Artifact affected area, mm?

Zr 22659 643

Stainless steel 70550 23549

K 7512 14873

E-max 26749 9487
Aluminium 34818 30121
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Figure 9.. US imaging of Zr sample in water with T 19ure 10. US imaging of Zr sample in water with
7.5 MHz probe 6.5 MHz probe
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Figure 11. US imaging of Stainless steel (SS) . L .
sample in water with 7.5 MHz probe Figure 12. L_JS Imaging of Stainless steel (SS)
sample in water with 6.5 MHz probe
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Figure 15. US imaging of E-max sample in water . L .
with 7.5 MHz probe Figure 16. US imaging of E-max sample in water
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Figure 18. US imaging of Aluminium (Al) sample in

Figure 17. US imaging of Aluminium (Al) sample in water with 6.5 MHz probe

water with 7.5 MHz probe
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After performing the 2D overlay of artifacts for each sample, it is clearly visible, that Zr sample
(Figure 19) produced the largest artifact in CBCT kV imaging with water and the smallest artifact in
MR imaging. Stainless steel sample (Figure 20) created the greatest artifact and distortion in MR
imaging, following up with CBCT kV imaging with water, but exhibited the least artifact in CBCT
MV imaging without water. K sample (Figure 21) managed to create a significant artifact only in
CBCT kV imaging with water, whereas in other combinations and modalities the artifact was
negligible and should not present difficulties during imaging. Just like before mentioned samples,
E-max sample (Figure 22) exhibited the largest artifact in CBCT kV imaging with water, but
artifacts in other modalities were somewhat similar, but bigger than in K sample (Figure 21).
Overall, aluminium sample (Figure 23) produced the least artifacts, with biggest artifact exerted in
CBCT kV imaging with water and then following up in MR imaging, where other modalities shown
small artifacts.

R

Figure 19. Overlay of all Figure 20. Overlay of all artifacts in a Fi_gure ?1. Oyerlay qf all
artifacts in a single slice Zr single slice SS sample. CBCT kV artifacts in a single slice K
sample. CBCT kV with water with water (Green), CBCT kV sample. CBCT kV with water

(Green), CBCT kV without  without water (Blue), CBCT MV with  (Green), CBCT kV without water
water (Blue), CBCT MV with  water (Yellow), CBCT MV without (Blue), CBCT MV with water

water (Yellow), CBCT MV water (Teal), MRI (Red). (Yellow), CBCT MV without
without water (Teal), MRI water (Teal), MRI (Red).
(Red).

' !
- P W
Figure 22. Overlay of all F_igure 2_3. Overlay of all artifacts ir) a
artifacts in a single slice E-max single slice Al sample. CBCT _kV with
sample. CBCT KV with water water (Green), CBCT kV yvlthout
(Green), CBCT KV without water (Blue), CBCT MV with water
water (Blue), CBCT MV with (ellow), CBCT MV without water

water (Yellow), CBCT MV (Teal), MRI (Red).

without water (Teal), MRI
(Red).
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3.3. CNR calculation results

Contrast to noise ratio (CNR) determines the image quality. Usually the higher the CNR value, the
easier it is to differentiate between the object and the background.

Table 17. CNR results after measuring and comparing unaffected and affected images in MRI

MRI Unaffected image Affected image CNR (alu)
Sample Mean Standard Mean Standard

deviation deviation
Zr 556.324 19.181 540.358 23.896 -0.73688
Stainless steel 504.466 30.549 90.253 61.152 -8.56939
K 556.747 29.477 516.278 36.255 -1.22484
E-max 561.352 19.711 526.577 47.093 -0.96332
Aluminium 553.059 32.599 473.028 107.357 -1.00877

For MRI CNR values should be positive if we would like to correctly visualise and differentiate
tissues from the artifact. Stainless steel sample has produced the lowest CNR values (-8.56939 a/u),
which are nearly 8 times lower than other samples (CNR values varying from -0.73688 a/u to -
1.22484 alu), therefore it means that noise in the image is higher than the contrast. According to
table 17, K and aluminium samples provided CNR values of slightly above -1, of -1.22484 a/u and -
1.00877 alu, respectively. E-max and Zr samples produced the CNR values of -0.96332 a/u and -
0.73688 alu, respectively, which means that the Zr sample has distorted the MRI image the least
and the image quality is the highest out of all samples. In this case, the CNR values in MR imaging
are negative, therefore it would prove to be a challenge to properly differentiate between the tissue
and the implant as the borders between them would be blurry and distorted.

Table 18. CNR results after measuring and comparing unaffected and affected images in CBCT kV with
water

CBCT kV with Unaffected image Affected image CNR (a/u)
H,O
Sample Mean Standard Mean Standard

deviation deviation
Zr 7.397 11.13 1588.983 2570.023 0.870295
Stainless steel 9.818 9.747 814.884 1897.065 0.600148
K 51.256 8.983 237.86 482.197 0.547187
E-max 34.05 7.518 200.818 534.748 0.440997
Aluminium 10.959 11.929 70.86 215.913 0.39175

In CBCT kV imaging with water CNR values have shown, that Zr sample (0.870295 a/u) should
have had the highest image quality when comparing the object to the background, but the artifacted
volume of said sample was the biggest one (16720.87 mm®). Therefore, CNR measurements for
CBCT kV imaging with water should be interpreted in reverse, as lower CNR values mean that the
artifacted volume was less, thus increasing the image quality. Stainless steel showed CNR value of
0.600148 a/u with an artifacting volume of 12540.62 mm®. It was observed that the K sample had a
CNR value of 0.54718 a/u and artifacting volume of 6855.21 mm®. E-max and aluminium samples
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had CNR values and artifacting volume of 0.440997 a/u and 8527.29 mm®, and 0.39175 a/u and
3344.54 mm?, respectively.

Table 19. CNR results after measuring and comparing unaffected and affected images in CBCT kV without
water

CBCT kV Unaffected image Affected image CNR (a/u)
without H,O
Sample Mean Standard Mean Standard

deviation deviation
Zr -1000 0 143.488 2468.175 0.655195
Stainless steel -1000 0 -439.653 1778.383 0.445602
K -1000 0 -665.562 929.914 0.508613
E-max -1000 0 -554.843 1152.424 0.546281
Aluminium -1000 0 -846.339 505.834 0.429606

Results obtained in table 19 show that the CNR values of samples in CBCT kV imaging without
water were somewhat similar, as values varied from 0.429606 a/u to 0.655195 a/u. With highest
CNR values observed in Zr sample of 0.655195 a/u and lowest in aluminium sample with a value of
0.429606 a/u. CNR values of 0.445602 a/u, 0.508613 a/u and 0.546281 a/u were assigned to
stainless steel, K and E-max samples, respectively.

Table 20. CNR results after measuring and comparing unaffected and affected images in CBCT MV with
water

CBCT MV with | Unaffected image Affected image CNR (a/u)
H,O
Sample Mean Standard Mean Standard

deviation deviation
Zr 3.18 13.626 428.55 1075.056 0.55952
Stainless steel 3.55 36.372 277.66 701.788 0.551635
K 1.76 44,731 41.8 87.075 0.578442
E-max 13.26 59.268 117.98 242.53 0.593176
Aluminium 0.67 11.52 54.33 146.838 0.515222

Table 20 for CBCT MV imaging with water has shown that the CNR values of samples is similar,
as the variation between values is less than 0.1 a/u and the artifacting volume of each sample is
directly proportional to their CNR. Highest CNR was observed in E-max sample of 0.593176 a/u
and an artifacting volume of 889.447 mm?® and the lowest was seen in aluminium (CNR 0.515222
alu; artifacting volume 1994.31 mm®). Zr and stainless steel CNR was very similar, but artifacting
volumes differing 300 mm? as the values were 0.55952 a/u and 1727.94 mm®, and 0.551635 a/u and
1478.58 mm® respectively, with K sample showing 0.578442 a/u and artifacting volume of 896.396
mm?,

Results obtained in table 21 show that the CNR values of samples in CBCT MV imaging without
water were in a range between 0.647331 a/u and 0.757356 a/u. With highest CNR values observed
in E-max sample of 0.757356 a/u and lowest in stainless steel sample with a value of 0.647331 a/u.
Zr, K and aluminium samples had shown values of 0.668243 a/u, 0.681485 a/u and 0.651022 a/u,
respectively.
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Table 21. CNR results after measuring and comparing unaffected and affected images in CBCT MV without
water

CBCT MV Unaffected image Affected image CNR (a/u)
without H,O
Sample Mean Standard Mean Standard

deviation deviation
Zr -1000 0 -307.08 1466.438 0.668243
Stainless steel -1000 0 -566.52 947.017 0.647331
K -1000 0 -871.89 265.853 0.681485
E-max -1000 0 -761.71 444.96 0.757356
Aluminium -1000 0 -884.45 251.009 0.651022

CNR in performed CT imaging variations have resulted in a positive value, which leads to the fact
that the image quality is reduced due to obstructive artifacting and additional noise. Therefore, in
this case CBCT kV imaging with water show that CNR values are proportional to artifacting
volume, but in reverse order. In CBCT MV imaging with water it was noted that CNR values are
proportional to artifacting volumes of the samples in correct order, where higher CNR value meant,
that the artifacted volume was the lowest. CNR values form CBCT imaging without water in kV
and MV seem to be incoherent when compared to the artifact volume produced.

Overall, artifacts are created differently in MRI, CT and US modalities depending on the physics
behind them. But the knowledge of properties of the materials imaged in these modalities assists in
differentiation on which modality is best to use in certain situations, whether a person has ceramic
type implants or metal based stainless steel or aluminium implants. Electroconductive,
ferromagnetic and poor heat conductivity materials are not suited for MR imaging, as can be seen
with the imaging results of stainless steel sample. If the implant material has high density values
and X-ray attenuation coefficient, then the medical implant is not suited for CT imaging and would
be imaged better in a MRI machine. Materials with high density and rough surface will produce the
highest amount of reverberation artifact in any US imaging modality as sound reverberates stronger
in high density materials. On the other hand, the artifacts can be reduced in all modalities with
usage of various imaging techniques and artificial intelligence. In MR imaging, the artifact
reduction is achieved by using VAT, MAVRIC and SEMAC algorithms at the cost of increased
scanning times and heat absorbed by the medical implant. Artifact reduction in CT imaging can be
obtained with the usage of combination between generative adversarial networks and metal artifact
reduction algorithms, as this combination produces and compares the original image whilst
transformed into a sinogram with the corrected sinogram and then combines both sinograms to
create an image with fewer artifacts. For artifact reduction in US imaging, morphological image
processing is used, which alters pixels of the image, but require extensive knowledge of denoising
filters and external software and hardware. The developed measurement method for artifact
evaluation was successful, as 3D modelled sample holder proved to not create any additional
artifacts while being imaged with artifact exhibiting materials. Volume calculations were performed
consistently, with 3D Slicer application and pixel value thresholding, 2D image analysis of US
images and contrast to noise ratio for determination of image quality was successfully achieved by
Image J software and shown valuable results, which can be used in further researches.
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Conclusions

. Aurtifacts are created differently in MRI, CT and US modalities depending on the physics
behind them. Different material properties will affect different imaging modalities according
their physical properties, including surface roughness, magnetic permeability, dielectric
constant, physical density, effective Z number. Efficient artifact reduction methods exist and
are proven, but in most cases increases the diagnostic procedure duration/reduces resolution
of the image/are not fully effective.

Extensive literature analysis has shown that the most common materials in head and neck
region are orthodontic appliances, which consist of dental implant itself, dental filling,
brackets or screws. Stainless steel (DIN 316L), aluminium, dental implant material of Zr
series Katana Zirconia STML. Dental filling of K series ENAMEL plus HRi biofunction
(MICERIUM S.p.A, Italy). Dental implant material of E-max series Ivoclar Vivadent IPS
E.max press, are the most popular materials for head and neck region medical implants.

. Artifacting evaluation method was successfully developed by the use of open-source
software tools. 3DSlicer programme was used to reconstruct 3D models of the artefact
volumes for multislice evaluation. ImageJ was used for image thresholding, segmentation,
contouring and final registration between modalities as one of the main measures of image
quality - contrast-to-noise ratio was selected.

Evaluation with select materials lead to a conclusion, that artifact voulme was observed in
CBCT kV imaging with water, with values ranging from 3344.54 mm?® to 16720.87 mm®,
and the smallest artifact volume was detected in CBCT MV imaging without water, with
ranges from 301.115 mm? to 1074.75 mm?. Stainless steel sample has proved to be the most
artifacting medical material, with volume values ranging from 1074.75 mm?® to 25493.33
mm?® across modalities, whereas K sample has shown the least amount of artifacting, with
values from 266.79 mm?® to 6855.21 mm?® across imaging modalities.
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