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Abstract

The CT imaging of metal hip prosthesis causes metal-related artifacts reducing the
overall image quality and clinical value of CT. This study aims to an evaluation of using
orthopedic metal artifact reduction (O-MAR) technique and iterative model-based
reconstruction (IMR) in CT imaging of bilateral total hip prostheses in a pelvis
phantom. The fabricated pelvis phantom has four major components, pelvis bones,
muscle, fat, and vascular structures, and was made using different concentrations of
respectively calcium sulfate, bee wax, agarose powder, and Iohexol. Two types of hip
prosthesis were used total hip and Austen Moore prosthesis. Different types of
algorithms, filtered back projection (FBP), iDose, and IMR with different Kilo-
Voltage peak (kVps) settings at 80, 100, 120, and 140, combined with O-MAR were
applied on this phantom. The image quality criteria were CT number, noise, and signal
to noise ratio (SNR) and were analyzed by five regions of interest (ROIs), while regions
R1 and RS were the primary focusing. The five RIOs representing the following
anatomy (right common iliac artery, left common iliac artery, right gluteus medius
muscle, fat, and urinary bladder) respectively from R1 — R5. Without the prosthesis,
results showed that IMR resulted in lower CT number, noise values, and increased
SNRs relative to FBP and iDose* for regions R1-R5. With the prosthesis, O-MAR
improved CT-number precision for region R1 by 49% and 83% for FBP and IMR
(p<0.05), relative to iDose* by 57% without any significant changes at (p<0.05). For
region R5, O-MAR improved CT-number precision by 81%, 89%, and 92% towards
baseline values for respectively FBP, iDose* and IMR (p<0.05). Also, O-MAR was
most efficient in minimizing noise when integrated with IMR with corrections in the
noise in R5 with 79 %, 90 %, and 92 % for respectively FBP, iDose* and IMR (p<0.05).
. Additionally, O-MAR was most effective in correcting SNR deviations when
integrated with IMR with absolute SNR corrections in region R5 with 29 + 1 and 43 +
4 for FBP and IMR (p<0.05), compared to iDose* by 37 + 7 without any significant
changes (p>0.05). For region R1, O-MAR improves SNR corrections by 5 + 1,23 + 5,
and 42 + 9 for respectively FBP, iDose* and IMR (p<0.05). O-MAR paired with IMR
revealed an HU correction for region RS of 90%, 90%, 93%, and 93% for respectively
80, 100, 120, and 140-kVp results. Noise was corrected for with 92%, 91%, 92% and
92% for respectively 80, 100, 120 and 140-kVp results. SNR corrections were 37%,



38%, 46% and 52% for respectively 80, 100, 120 and 140-kVp results. For region R1,
O-MAR combined with IMR showed an average HU correction of 90%, 68%, 81%,
and 93% for respectively 80, 100, 120, and 140-kVp results. Noise was corrected with
89%, 88%, 90% and 89% for respectively 80, 100, 120 and 140-kVp results. SNR
corrections were 55%, 42%, 38% and 34% for respectively 80, 100, 120 and 140-kVp
results. In conclusion, O-MAR decreases the appearance of metal artifacts using iDose*
and is most efficient in severe artifacts when used in combination with 140-kVp and
IMR. CT imaging of a bilateral total hip prosthesis phantom, using IMR together with
O-MAR increases image quality by significantly minimizing metal artifacts, reducing

noise, and enhancing CT number and SNR.
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Definitions and Abbreviations:

ADMIRE: Advanced modeled iterative reconstruction: is the latest innovation in
iterative reconstruction introduced by Siemens, which uses iterative reconstruction
from the raw data domain in combination with noise reduction in the image space in a
hybrid manner. It applies statistical modeling in the raw data domain, followed by back
projection, application of the statistical model in the image domain (regularization), and
forward projection. The resulting pseudo raw data are compared to the measured data

and iteratively reinserted into the loop afterward.

AIDR: Adaptive iterative dose reduction: is a hybrid reconstruction algorithm,
introduced by Toshiba, which statistical model in combination with an imaging model
that is used on the raw data to reduce noise and artifacts. The iterations are executed in
image space only, where edge preservation and smoothing are performed. The corrected
image is blended with the initial image (from the raw data) to keep the noise granularity.
There are three different levels of iteration with different iterative strengths: mild,

standard, and strong.

AIDR 3D: Adaptive iterative dose reduction three-dimension: is a hybrid
reconstruction algorithm, introduced by Toshiba, incorporating raw data domain and
image domain noise reduction techniques that reduce noise and artifacts while
preserving a high level of spatial resolution. AIDR 3D ensures automated dose
reduction based on patient size, a user-determined target level of image quality, and

noise reduction capabilities.

ASIR: Adaptive statistical iterative reconstruction: A hybrid iterative reconstruction
algorithm introduced by GE uses a blend of filtered back-projection images with
iterative reconstruction images in the raw data domain to reduce the image noise. ASIR
performs a hybrid iterative process of mathematical and statistical modeling to identify

and selectively reduce the noise of an image.

ASIR-V: Adaptive statistical iterative reconstruction combined with Veo. ASIR-V
combines the speed of ASIR with additional capabilities from Veo, GE’s full model-
based iterative reconstruction technology. By applying more advanced modeling and

optimization technologies in projection- and image-space as part of the iterative
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reconstruction process, ASIR-V provides dose reduction well beyond that of ASIR,

while maintaining low-contrast detectability, like Veo.

CaSo4: Calcium sulfate: is the inorganic compound with the formula CaSo4 and related
hydrates and is a naturally occurring calcium salt. It is commonly known in its dihydrate

form, a white or colorless powder called gypsum.

CNR: Contrast to noise ratio: a measure of image quality based on contrast rather than
the raw signal. CNR is similar to the metric signal-to-noise ratio but subtracts a term

before taking the ratio.

CT: Computed Tomography: Sometimes called computerized tomography or
computed axial tomography (CAT), is an imaging modality that utilizes x-ray photons
for image production, with digital reconstruction. The CT scanner essentially consists
of an x-ray tube and detectors. The x-ray tube produces an x-ray beam that passes
through the patient. This beam is captured by the detectors and reconstructed to produce
cross-sectional images of the body. Each cross-sectional image represents a “slice” of
the person being imaged. These cross-sectional images are used for a variety of

diagnostic and therapeutic purposes.

CTDI: CT-dose index: is an estimation of the average dose during the CT scan volume

to a standardized phantom.

Detector: A device sensitive to radiation that produces a current or voltage pulse that

may or may not correspond to the energy deposited by an individual photon or particle.

DICOM: Digital Imaging and Communications in Medicine: is a standard that
establishes rules that allow medical images and associated information to be exchanged

between imaging equipment from different vendors, computers, and hospitals.

Dose: The radiation delivered to the whole human body or a specified area or organ of

the body. This term is used frequently in whole-body counting applications.

Dose Modulation: Technique automatically increases the mAs in the body part with
the greatest attenuation and decreases mAs in the body part with lower attenuation.

Depending on the amount of attenuation on the scout image.
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FIRST: Forward projected model-based iterative reconstruction solution. Is a true,
fully implemented model-based iterative reconstruction algorithm, introduced by
Toshiba, meaning a forward projection step is performed for every iteration. FIRST
operates by formulating an initial “guess” at an image result based on the measured raw
projection data acquired during the scan. This initial guess is called a “seed image.”
The seed image is then forward projected in a process that mathematically mimics the
process of data acquisition to create a new set of synthesized projection data. This new

set of synthesized projections is then fed into the iterative reconstruction loop.

Frequency Splitting: This is an extension to the metal artifact reduction methods that

recovers noise texture and anatomical details in the close vicinity of metal.

Helical (Spiral) Scanning: Many recent technical developments allowed the
introduction of continuous acquisition scanning most often called helical or spiral scan.
This type of scan, which allows continuous table movement and continuous X-ray tube

rotation, would lead to less scan time and less radiation dose for the patient.

HU: Hounsfield units or CT numbers. A dimensionless unit is universally used in
computed tomography (CT) scanning to express CT numbers in a standardized and
convenient form. Hounsfield units are obtained from a linear transformation of the

measured attenuation coefficients.

iDose": Fourth-generation hybrid iterative reconstruction algorithm introduced by

Philips.

IMR: Iterative model-based reconstruction. A full iterative reconstruction technique

was introduced by Philips.

IMAR: Iterative metal artifact reduction. A metal artifact reduction technique was

introduced by Siemens.

IR: Iterative reconstruction. Is an alternative image reconstruction method that allows
imaging at lower doses while maintaining image quality comparable to routine dose

filtered back projection.

IRIS: Iterative reconstruction in image space. Iterative reconstruction algorithm,

introduced by Siemens, that uses an initial Filtered back-projection algorithm to
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reconstruct the images, in a second moment noise is removed in iterative steps: this
process should preserve the spatial resolution obtained during the first traditional

reconstruction cycle.
kVp: Kilo-Voltage peak. It is the X-ray photons energy.

MAR: Metal artifact reduction. Algorithms are used to improve CT image quality in

patients with metalware.

MARIS: Metal artifact reduction in image space. It is based on segmentation, forward
projection, and interpolation with two-compartment physical modeling. The technique
was introduced by siemens and was initially introduced to improve image quality for

radiation therapy planning.

mAs: milliAmpiresecond. Is the x-ray tube current milliAmpere (mA) per scan time

(s), which is represented the amount of radiation X-ray photons per second.

MBIR: Model-based iterative reconstruction. Is a fully iterative reconstruction using
both forward and backward reconstruction steps. This algorithm also models system
statistics and system optics, allowing fewer approximations and less error propagation

during the reconstruction steps, compared with a filtered back-projection algorithm.

mGy: miliGray. The SI unit of absorbed dose. Defined as one joule per kilogram of

absorbing medium.

NMAR: Normalized metal artifact reduction. The algorithm uses different steps for
metal artifact reduction. From the original raw data, an uncorrected image is
reconstructed. By thresholding, the metal image and the prior image are obtained.
Forward projection yields the corresponding sinograms. The original sinogram is then
normalized by dividing it by the sinogram of the prior. The metal projections determine
where data in the normalized sinogram are replaced by interpolation. The interpolated
and normalized sinogram is denormalized by multiplying it with the sinogram of the

prior image again. Reconstruction yields the corrected image.

Noise: Quantum mottle. Is an unwanted change in pixel values in an otherwise
homogenous image. Often noise is defined loosely as the grainy appearance on CT

imaging.
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Partial volume effects: Effects occur where multiple tissues contribute to a single

voxel, resulting in a blurring of intensities at tissue boundaries.

Pitch: Estimate by the table movement (increment distance) per one full rotation of the

X-ray tube divided by the width of the X-ray beam.

Photon: In quantum theory, light is propagated in discrete packets of energy called

photons. The quantity of energy in each packet is called a quantum.

PMMA: Polymethyl methacrylate. Also known as acrylic or acrylic glass, is a
transparent and rigid thermoplastic material widely used as a shatterproof replacement
for glass. PMMA has many technical advantages over other transparent polymers (PC,
polystyrene, etc.), a few of them include high resistance to ultraviolet light and

weathering, excellent light transmission, and unlimited coloring options.

Radiation: The emission or propagation of energy through matter or space by
electromagnetic disturbances which display both wave-like and particle-like behavior.
Though in this context the "particles" are known as photons, the term radiation has been
extended to include streams of fast-moving particles. Nuclear radiation includes alpha
particles, beta particles, gamma rays, and free neutrons emitted from an atomic nucleus

during decay.

Reconstruction Slice Thickness: Increasing the slice thickness improves the signal-
to-noise ratio due to an increase in the number of photons for each voxel and disturbs

spatial resolution.
ROIs: Regions of interest.

Rotation Time: Gantry rotation time describes the required time for the X-ray tube to

rotate 360°.

SAFIRE: Sinogram affirmed iterative reconstruction, is a unique CT iterative
reconstruction algorithm that uniquely allows for up to 60% lower radiation dose in CT

examinations without compromising image quality.

Scattering: A process that changes a particle's trajectory. Scattering is caused by

particle collisions with atoms, nuclei, and other particles or by interactions with electric
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or magnetic fields. If there is no change in the total kinetic energy of the system, the
process is called elastic scattering. If the total kinetic energy changes due to a change

in internal energy, the process is called inelastic scattering. See also backscattering.

SEMAR: Single-energy metal artifact reduction. Is a raw data-based technique,
introduced by Toshiba, that incorporates the gradient correction features of iterative

reconstruction with clinically reasonable reconstruction times.

SMAR, MARS: Smart metal artifact reduction. Metal artifact correction technology,
introduced by GE health care, uses an automated, three-stage projection-based process
to help improve the quality of CT data within the projection space, rather than in image
space. This projection space correction leads to images that are consistent with the

uncorrected image and of exceptional image quality.

SNR: Signal to noise ratio. is a generic term that is equal to the ratio of the average

signal intensity over the standard deviation of the noise.

Streaks: In very heterogeneous cross-sections, dark bands or streaks can appear
between two dense objects in an image. They occur because the portion of the beam
that passes through one of the objects at certain tube positions is hardened less than
when it passes through both objects at other tube positions. This type of artifact can

occur both in bony regions of the body.

THA: Total hip arthroplasty. Is one of the most cost-effective and consistently
successful surgeries performed in orthopedics. THA provides reliable outcomes for
patients suffering from end-stage degenerative hip osteoarthritis, specifically pain

relief, functional restoration, and overall improved quality of life.

The 3Rs: Stand for Replacement, Reduction and Refinement — are embedded into the

legislation and guidelines governing the ethics of animal use in experiments.

Ti-6Al-4V: Titanium-aluminium-vanadium alloy. An alloy that contains a mixture of
titanium and small amounts of aluminum and vanadium, typically 6% and 4%

respectively, by weight and has been frequently used as a surgical implant.

Undersampling: The number of projections used to reconstruct a CT image is one of

the determining factors in image quality. Too large an interval between projections
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(undersampling) can result in misregistration by the computer of information relating
to sharp edges and small objects. This leads to an effect known as view aliasing, where
fine stripes appear to be radiating from the edge of, but at a distance from, a dense

structure.
USA: United State of America.

Veo: A full iterative reconstruction or model-based iterative introduced by GE. Veo is
a fully iterative method working in the raw data domain, which takes not only the data
statistics into account but also the geometry of the machine itself by considering the
voxel volumes of the scanned object, the focal spot size, the active area size of the
detector, etc. With Veo, lower noise and higher resolution can be achieved within a

single image.

Window Level: The window level or window center determines the center point of the

window width.

Window Width: The window width determines the number of CT numbers displayed

on a specific image.

X-Ray: A penetrating form of electromagnetic radiation emitted during electron
transitions in an atom to a lower energy state; usually when outer orbital electrons give

up some energy to replace missing inner orbital electrons.
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Chapter 1

Introduction

1.1 Background of the Study

Computed tomography (CT) is usually described as a breakthrough medical imaging
technique in medicine since its launch in the early 1970s. CT consists of a rotating X-ray
tube and detectors in conjunction with a computer that processes the internal organs and
structures and creates cross-sectional and three-dimensional images. In comparison to X-ray
radiography, it provides a high-quality image, contrast, and more details that can cover wide
regions of the patient's body. The cost of the CT examination is fair and this procedure is
simple and easy to execute !. The CT scan is extremely helpful, as several various kinds of
tissue such as lungs, heart, bones, soft tissues, muscles, and blood vessels can be viewed
simultaneously 2. With constant and wide enhancements in efficiency, resolution, accuracy,
and speed the number of CT scanners is growing drastically °>. However, there is an
increasing concern regarding the risks of such radiation exposure. Radiation-induced cancer
is a probabilistic (stochastic) effect. CT is correlated with high radiation exposure increasing
the risk of developing cancer, although even lower doses of radiation might cause

carcinogenesis 2.

The number of joint replacement procedures has gradually risen in the last ten years
due to population aging and the effectiveness of such implants in pain management and joint
function reconstruction '. Hip replacement is the second most frequent joint replacement
operation, (300,000 hip arthroplasties performed in the USA, and more than 1 million per
year worldwide) #, with a growing number of surgical procedures with the elderly population
!. The diagnosis of prosthesis-related complications is mostly based on standard radiography.
However, if a clinical X-ray initial analysis is not confirmed, the use of other imaging
methods is required !. CT has been used for a long to make a thorough evaluation of hip
replacements (implant parts, bone and/or cement interfaces, bone stock, soft tissue), which
have been in use for many years for evaluating replacement joints !. The CT imaging of
metal hip prosthesis causes metal-related artifacts. These metal artifacts are caused by a
combination of multiple mechanisms, including photon starvation, beam hardening,

scattering, partial volume effects, under-sampling, and patient motion >,
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The phrase artifact in CT has represented any systemic disparity between the
Hounsfield units (HU) on the reconstructed image and the true attenuation coefficient
of the object. CT Images are generally more sensitive to artifacts than conventional X-
rays since the image is reconstructed on the order of something of a million individual
calculations from the detector. The reconstruction methodology considers that each of
these measurements is standard, so any fault in measurement is generally reflected as an
error in the image that was reconstructed 7. Metal-related artifacts have since the early
days reduced the diagnostic value of CT images °. Artifacts caused by metallic implants,
such as dental fillings, surgical clips, coils, cables, and orthopedic hardware, appear as
bright and dark streaks through the reconstructed image 8. This condition also leads to
the reduced image quality of the surrounding tissue as well as of the metal implant itself.
Relevant anatomical features are often entirely concealed by artifacts, which raises the

risk of losing relevant findings.

In the past, many cases of solutions had been used in hospitals to minimize metal
artifacts nevertheless, they were almost inadequate. One solution is increasing kilo-Voltage
peak (kVp), however, it could only decrease metal artifact deterioration to a smaller level
and would not enhance the imaging of larger implants such as hip prosthesis ® Elevated tube
current, on the other hand, can result in a higher dose of radiation to the patient and would
not have a significant impact on image quality either 8. Strategies such as gantry tilting, the
use of lower attenuating materials in implants, reducing overall collimation, and the use of
a soft reconstruction kernel instead of a bone kernel ° to eliminate metal artifacts can only

be feasible in particular circumstances and are successful to a restricted extent '°.

Metal Artifact Reduction (MAR) approaches concentrate on resolving these metal
artifacts, either by minimizing the actual origin of the artifact or by fixing artifacts in image
data or projection data. Despite these advancements in science, artifacts are still not fully
conquered. Artifacts caused by metal implants arise at varying stages of intensity owing
to the number of metals, forms and proportions utilized °. In the last few decades,
significant changes have been made to both the acquisition of image and reconstruction,
leading to a growth in CT imaging °. Filtered Back Projection (FBP) has been the industry
standard for the reconstruction of CT images for centuries !!. FBP is a sub-optimal algorithm
selection for improperly sampled data or where noise amplifies the image signal. These

circumstances can arise in low-dose or tube-power-limited acquisitions. FBP, whereas fast



and reasonably stable at regular radiation doses, is sensitive to image noise and artifacts
resulting in non-diagnostic images at exceedingly low doses '!. There are many explanations
for the appearance of streak artifacts in FBP, such as imprecise beam hardening correction

and photon starvation "1,

Classical back-filtered projection is replaced by iterative image reconstruction
algorithms that allow the patient dose to be lowered and better suppress image artifacts '°.
Iterative reconstruction (IR) or so-called hybrid reconstruction techniques are blending
techniques that combine IR images with FBP !#. IR techniques properly handle noise at very
low signal levels and thus reduce the noise and artifacts present in the final reconstructed
image. This results in a considerable increase in image quality at any given dose. Using IR
techniques, noise can be managed for high spatial resolution reconstruction, thereby
providing high-quality, low-contrast, and spatial resolution within the same image '!. iDose*
is a fourth-generation hybrid IR algorithm introduced by Philips Healthcare (Cleveland,
OH). iDose* provides an innovative solution in which iterative processing is performed in
both the projection and image domains '°. On the other hand, model-based iterative
reconstruction (MBIR) techniques are more capable of handling increased detector noise
levels at a reduced dose compared with the standard reconstruction technique, FBP, and IR
techniques as it incorporates data statistics, image statistics, and system models. Using
MBIR, images are being reconstructed at decreased levels of radiation at minimal levels of
noise '°. Also, MBIR decreases the volume of artifacts and allows for equivalent or greater
visualization of bone-metal interfaces, and facilitates the evaluation of soft tissue around
implants relative to FBP 16. Yasaka et al. (2013) observed that streak artifacts had been
decreased using MBIR 7. Also, de Kuya et al. (2017) reported that MBIR further decreases
the size of artifacts and that MBIR enables for an equivalent or greater visibility of the bone-
metal interface and increases the evaluation of soft tissue around implants relative to FBP '8,
Philips’ iterative model-based reconstruction (IMR), is a full iterative reconstruction
technique !°. Furthermore, IMR does not involve blending with FBP such as hybrid iterative

reconstruction techniques, which results in substantially improved image quality °.

Besides, metal hardware impairs the diagnostic performance of CT for
musculoskeletal imaging. Serious metal artifacts in the case of THA are primarily caused by
severe photon starvation and influence an accurate diagnosis of prosthesis-related soft tissue

and bone abnormalities !. Some of the currently available MAR techniques have previously



been studied in a variety of various clinical examples, ranging from artifacts formed by tiny
metal objects such as dental fillings or screws to larger implants such as hip prostheses '°.
Li et al. 2! researched the implementation of a commercially available MAR algorithm in
radiotherapy treatment planning and reported that it enhanced CT number precision and
shape visualization in CT images of orthopedic implants. However, an increase in CT

precision has been seen to have no major therapeutic effects on photon dose measurements.

There are several Software manufacturers are using iterative MAR algorithms as
shown in Table 1.1. MAR technology from GE (Smart MAR: MAR or MARS), Toshiba
(Single-Energy MAR: SEMAR), Siemens (MAR in Image Space: MAR and Iterative MAR:
IMAR), Philips (Orthopedic MAR: O-MAR), and are all focused on in-painting, with the
previous image, frequency splitting or a mixture of these strategies. Nevertheless,
comprehensive vendor-specific MAR methodologies remain unknown °. Wagenaar et al.
(2015) studied many commercial MAR strategies in anthropomorphic head and neck
phantoms. In addition to the MAR technique of each scanner, the reconstructed metal artifact
scans were reconstructed using the metal deletion technique (MDT). This technique was
developed by Boas et al. (2011) and is based on reconstructed images instead of sinogram
data !. HU errors were better minimized by O-MAR, followed by SMAR and Siemens’ metal
artifact reduction in image space (MARIS). The commercial Philips’ O-MAR algorithm is
an iterative projection adjustment approach specially developed for CT imaging of large
metal orthopedic implants to decrease metal artifact 2. O-MAR post-processes algorithm
can increase the overall performance of iDose* and IMR 22, Recently, a phantom study
showed that O-MAR significantly reduces metal artifacts when combined with iDose* and
IMR, which are Philips’ proprietary (IR) technique and (MBIR) respectively ¢. Using O-
MAR, HUs are corrected toward baseline levels, and contrast-to-noise-ratios (CNRs) are

boosted °.



Table 1.2: MAR algorithms, and (model-based) iterative reconstruction techniques of

different Manufacturers °.

Manufacturer MAR algorithm (Model-based) Iterative
reconstruction techniques
Siemens MARIS, IMAR IRIS (1-5)

Safire (1-5)
Admire (1-5) *

Philips O-MAR
iDose” (1-7)
IMR (1-3) *

GE SMAR, MARS ASIR (0-100%),
ASIR-V (0-100%)
Veo™

Toshiba SEMAR AIDR (Mild, standard,

strong), AIDR 3D
(Mild, standard, strong)
FIRST (Mild, standard,
strong) *

*MBIR: Model-based iterative reconstruction.

1.2 Problem Statement

The CT imaging of metal hip prosthesis causes metal-related artifacts. Moreover, the
overall image quality and clinical value of CT are distorted as these artifacts obstruct the
accurate evaluation of bone-metal interfaces, vessels, bone, and soft tissue near to metal

hardware.

Another risk of CT is radiation exposure. Decreasing radiation dose in patients with
unilateral or bilateral hip prostheses may be an additional concern since the effect of the
metal decreases the number of photons reaching the detector. The traditional way of
modifying scanning parameter—related factors or using the classical filtered back-projection
algorithm is a sub-optimal solution for handling these metal artifacts and at the cost of

increased patient dose >°.
1.3 Justification

The phantom preparation is simple, low cost, reusable, and takes about 84 hours for

preparation. The new phantom, with and without a total hip prosthesis, can provide the



researchers with a wide range of research experiments considering the Replacement,

Reduction, and Refinement (3Rs).

Patients with hip implants and metal fixation hardware can benefit from the potential
increase in image quality because of the minimization of metal artifacts and utilizing (model-
based) iterative reconstruction can help. Also, analyzed with fewer distorting artifacts and
noise levels eventually increasing CT's diagnostic value. Therefore, medical choices may be
taken with more certainty concerning soft tissue and bone pathology and dysfunction of the
prosthetic hardware. Furthermore, reducing CT radiation could reduce the incidence of
radiation-induced hazards. By properly understanding the cause of metal artifacts, the
variations in the severity of metal artifacts, and the ways to minimize artifacts, imaging
procedures may be modified from acquisition to reconstruction and display parameters for
particular hardware. The adjustment of these parameters is of particular significance in

musculoskeletal CT imaging involving metal hardware.

Significant advancements in the image reconstruction process have been made over
the last decades, from standard filtered back-projection to iterative reconstruction and
model-based iterative reconstruction. By using model-based iterative reconstruction and
MAR software, image quality may be improved with reduced metal artifacts, lower noise

values, and radiation dose °.
1.4 Study Objectives
This study has multiple goals:

1. To evaluate the effect of using different types of algorithms (FBP, iDose* and IMR) with
different kVps setting at 80, 100, 120 and 140, in imaging pelvis phantom with and

without bilateral hip prosthesis.

2. To demonstrate the effectiveness of the orthopedic metal artifact reduction technique in

improve image quality and reduce metal artifact in CT imaging of hip prostheses.
1.5 Study Hypothesis

Using of orthopedic metal artifact reduction technique and iterative model-based
reconstruction will improve image quality while reducing CT radiation dose in patients with

bilateral hip prostheses.



Chapter 2

Literature Review

This chapter presents some causes of metal artifacts and some approaches to metal
artifact reduction strategies. Also, reviews some literature, published studies, and researches
on metal artifact reduction techniques and display different methodologies that were used to

reduce these artifacts.
2.1 CT Metal Artifacts

Metal artifacts are prominent in clinical images and are induced by various
processes, most notably beam hardening, scattering, photon starvation, noise, and edge
effects ° Figure 2.1. These inputs cause corrupt data in order to be used to reconstruct
near-metallic tissue, resulting in an incorrect tissue representation. As a result,
depending on the amount and structure of the metal in situ, studying tissue around metal
is unreliable and often impractical. These artifacts reduce the value and diagnostic

accuracy of CT in bones, bone-metal interfaces, vessels, and soft tissue structures.

Figure 2.2: Metal Artifact: (A) Beam hardening, photon starvation, and scattering
produce dark lines between the hip prosthesis. (B) A mixture of these artifacts from

dental implants composed of heavy molecular weight metals °.

Beam hardening occurs in polychromatic x-ray beams as the total beam intensity
rises (hardens) as lower-energy photons become more readily absorbed by an object.
This effect is more pronounced in the presence of materials with a high atomic number,
such as metals, which attenuate low-energy x-rays dramatically creating dark streaks

among highly attenuating items °. The attenuation of residual photons with a higher



average intensity is dominated by Compton scattering, which shifts the x-ray direction
and causes the emitted photons to penetrate the detector of the central axis of the incident
beam 2*. Both beam hardening and scattering result in further photons hitting regions of
the detector where they will not usually be, contributing to misinterpretation of the
attenuation coefficient 2*. Scatter causes photons to change their track. However, the
reconstruction algorithms assume a straight line between the tube and the detector.
Consequently, the scattered photons end up in the wrong detector. The scattered photons
contribute to the calculated amplitude which contributes to an underestimation of the
absorption and hence to dark streaks in the image, while an overestimation of the

absorption causes white streaks °.

Noise or variations in a standard content CT number are not normally treated as an
artifact even if it affects the final image. These variations can occur on CT images as haziness
and are induced by the small photon numbers with which an image forms °. However, metal
artifacts in CT are often influenced by noise. Since photon flux calculated by CT
detectors roughly represents a Poisson distribution, low photon counts would lead to
higher proportional statistical errors in related detector regions 2*. Furthermore, detector
electrical noise influences measurements at very low signal values. Since these errors
are spontaneous, they appear in the image as a small dark and light streak 2*. Photon
starvation may represent high-density metals and metals with a large atomic number. This
results in low photon numbers and higher noise levels and loss of projection data. When no
photons are observed at all, the background signal of the detector raises the noise value as
well. This causes dark streaks of totally white metal in the final reconstructed image °. At
rough edges of high or low absorbing tissues, edge effects may be detected. Edge effects
often result in light or dark lucent streaks, reducing the corresponding grey value around

long edges °.
2.2 Metal Artifact Reduction Strategies

2.2.1 Adjustment of the Traditional Acquisition and Reconstruction

Standard methods for reducing the volume of metal artifacts include increasing the
kVp and mAs. More photons can penetrate the detector as the average photon intensity is
increased by increasing kVp since low-energy photons might be more readily absorbed by

metal than high-energy photons with higher penetration. Also, by raising the value of mAs,



the number of photons approaching the detector would maximize, minimizing noise and
photon starvation. Decreasing collimation, the diameter of the detector would minimize
scattering. The image quality can be improved with the use of an expanded Hounsfield unite
(HU) and a soft filter reduces the appearance of metal artifacts 2°. Table 2.1 shows a variety
of ways to minimize metal artifacts by modifying the acquisition, reconstruction, and
visualization parameters. It further summarizes the benefits and drawbacks of the various

steps taken.

Table 2.2: Benefits and drawbacks of adjusting acquisition, reconstruction, and visualization

parameters in minimizing metal artifacts °.

Acquisition
= Increase tube current
(mAs)
* Increase tube voltage
(kVp)
= Reduce total collimation
i.e. the detector width

» Lower pitch

Reconstruction
» Use of (model-based)
iterative reconstruction
techniques
» Change from bone to
soft reconstruction
kernel
= Increase slice thickness
Visualization
» Use of an extended

Advantage

» Reduced photon-
starvation

* Increased photon
penetration

» Reduced scatter and
partial volume averaging

= Reduced image noise

= Reduced amplification of
artifacts

= Reduced visual
conspicuity of metal
artifacts

= Reduced image noise

= Reduced visual
conspicuity

Disadvantage

= Increased radiation
exposure

= Decrease overall
contrast

= [ncreased scan time

* Increased radiation
exposure when mAs is not
adapted

= Computationally
intensive, possible
reduced spatial resolution

» Reduced spatial resolution

= Partial volume artifacts

» Limited availability and
compatibility

Through transitioning to more modern iterative (IR) and model-based (MBIR)
algorithms, we can use additional physical data, which helps to reduce both scatter and edge
effects utilizing correction algorithms °. Using this process, metal artifacts are minimized
and the image quality enhances. A study by Boudabbous et al. (2014) showed an 83%
reduction of metal artifact size with MBIR relative to FBP in 62 patients '*. MBIR minimized

metal artifacts and thus provided an equivalent or greater visualization of the bone-metal



interfaces, and also a clearer evaluation of the soft tissue across the metal implants. The

volume of the artifacts was minimized, and the subjective image quality was enhanced.
2.2.2 Manipulating Projection Data and/or Image Data
2.2.2.1 General Overview for MAR Algorithms

The starting point of MAR techniques was first defined by Kalender in 1987, who
suggested an averaging or interpolation approach of adjacent detector components to
substitute the affected projection results induced by metal influence °. To achieving this, CT
or sinogram projection data is used to generate the incorrect image °. By thresholding, a
metal image is eventually formed by assigning any pixels with a greater value as a metal
image. The metal image is projected forward and coupled with the initial sinogram to create
a metal sinogram. Back-projecting the uncorrected sinogram produces a corrected image that
can be used as an input for more corrections. While this method decreases metal artifacts, it
may also introduce new artifacts related to thresholding constraints, resulting in an
inaccurate new sinogramv’. By utilizing a former image without artifacts, adding new
artifacts may be minimized. To produce non-metal and metal images, a previous image is
generated by thresholding an uncorrected image, with thresholds match up soft tissue, air,
and bone tissue. The initial sinogram pixel values being separated by the sinogram of the
previous image to obtain the standard sinogram and normalize it, which results in uniform
pixel values just outside of the metal path. This leads to better reproduction of the metal by
in-painting or linear interpolation °. Meyer et al. (2009) demonstrated that As Normalized
Metal Artefact Reduction (NMAR) process is applied after de-normalization, the image can

be generated by using filtered back-projection and inserting a metal image *°.
2.3 Previous Study

Subhas et al. (2018) studied lesions detectability close to hardware metal utilizing
MBIR coupled with MAR software against FBP at decreased low dose level in a phantom
experiment and reported that dose reduction did not compromise the accuracy compared to
FBP. They also found that MBIR with MAR was considerably more effective than FBP in
detecting small lesions and lesions close to the metal artifacts °.

In a subsequent study 2°, FBP against IMAR images of 40 shoulder patients and 21
hip patients were compared preoperatively and postoperatively. IMAR images were more
accurate and fewer streaking artifacts compared to non-IMAR data.
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In a spinal implants study, Kotsenas et al. (2015) and Aissa et al. (2017) found that
IMAR enhanced the visualization of essential soft tissue around the implants 27,28, Extreme

artifacts caused by dental amalgam hardware and other hardware in the head and neck area

have been minimized by IMAR >,

Li et al. (2012) tested the application of O-MAR algorithm on a 16-slice CT scanner
for phantom radiotherapy and 10 patients with hip implants?!. CT numbers accuracy
increased and noise decreased, particularly in a bilateral hip prosthesis, and the overall image
quality and clarity of vital organs were substantially improved in O-MAR images relative to
traditional images. Hilgers et al. (2014) also observed that the precision of CT numbers was

higher for O-MAR compared to non-OMAR reconstructions in radiotherapy planning >'.

Teixeira et al. (2014) studied iterative reconstruction in 24 unilaterally and bilateral
hip patients with and without the use of SEMAR. As SEMAR was paired with IR, the overall
image quality improved showing obturator internus muscle, prostate or uterus, and bladder
in high clarity. The MAR strategy proved to be effective in decreasing the amount of metal
artifact °. These findings were confirmed by Yasaka et al. (2016), who studied 28 patients
with metal hip prostheses, and Sonoda et al. (2015), who studied SEMAR and its utility in
58 patients with hip prostheses and embolization coils. SEMAR has no major effects on

dental implants .

In patients with dental implants or fillings, O-MAR images lowered noise and

increased CT number precision relative to non-O-MAR images

. Besides, higher
consistency ratings have been reached in the streak of image artifacts concerning sharpness,

texture naturalness, and degree of representation.

Boomsma et al. (2016) and Wellenberg et al. (2016, 2017) quantified the importance
of O-MAR for total hip arthroplasty imaging utilizing a total hip arthroplasty phantom °.
Applying IMR instead of iterative and traditional reconstruction improved overall image
quality. The integration of IMR and O-MAR using 140 kVp led to a major increase in overall
image quality and the most efficient artifact reduction with better CT number precision,
lower noise values, and higher SNRs and CNRs °. Also, the IMR permitted an 80% reduction
in radiation dose as the precision of the CT number was retained with lower noise levels and

higher SNRs and CNRs °.
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A THA phantom study showed that the integration of IMR and O-MAR made it
possible to reduce the radiation dose by 83 % where CT number precision, SNRs, and CNRs

improved and noise decreased relative to the integration of iDose* and O-MAR °.

de Kuya et al. (2017) reported that MBIR further decreases the size of artifacts and
that MBIR enables for an equivalent or greater visibility of the bone-metal interface and
increases the evaluation of soft tissue around implants relative to FBP ¥, Yasaka et al. (2013)

as well observed that streak artifacts had been decreased using MBIR 7.

Bolstad et al. (2018) investigated MAR technology from the four major
manufacturers. All strategies minimized metal artifacts and although various reconstruction
kernels were used, the result was most apparent for SEMAR compared to IMAR, O-MAR,
and SMAR and for stainless steel and cobalt-chromium implants compared to titanium

implants .

A phantom study performed on a 64-slice CT scanner found that O-MAR greatly
decreases metal artifacts using the iDose* partial iterative reconstruction technique. The
iterative model-based reconstruction algorithm takes data statistics, image statistics, and
machine models into account to generate an image that efficiently represents attenuation

distributions °.

Recent studies have shown that model-based iterative reconstruction techniques can
decrease image noise close to 75%-83% and radiation dose approximately 75%-80%
compared to traditional reconstruction techniques. Further developments in reconstruction
algorithms, such as IMR, can further boost the efficacy of metal artifact reduction >°.
Recently, in a phantom study, O-MAR showed a significant decrease in metal artifacts when
integrated with iDose* and IMR. Accuracy of CT numbers, SNRs, and CNRs were

significantly improved, whereas noise values were reduced °.
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Chapter 3

Materials and Methods

This chapter provides the experimental framework of the study, from phantom design

to the study design, image acquisitions, reconstructions, and data analysis.

3.1 Pelvis Phantom and Prosthesis

The phantom was planned and developed in the present study, which has a width of
380 mm, a height of 320 mm, and a depth of 250 mm and is made of polymethyl methacrylate
(PMMA). The pelvis phantom with dimensions 30 x 27 x 15 ¢cm has four major components,
pelvis bones, muscle, fat, and vascular structures were fabricated as shown in Figure 3.1.
The bony structures, soft tissue surrounding the pelvis, and vascular structures are produced
by using different chemical materials with different concentrations as appears in Table 3.1.
These materials were selected to resemble the human pelvis while still being compatible
with CT imaging °. Furthermore, these materials have good elasticity with no loss of

strength, and they are immune to bacterial contamination due to their low modulus *°.

After many trials to find out the correct material's percentage, the bony structure was
created by using a plastic mold, with an internal mixture of 26 %weight calcium sulfate
(CaSo4) combined with 74% weight water, and then the plastic mold was removed. For
muscle tissue, the 3% weight of UltraPure™ agarose powder (UltraPure™ agarose; Sigma-
Aldrich, St Louis, MO) was mixed with 97% weight water, the solution was heated to a
temperature of 110-140°C then we added 2 ml of contrast media (Omnipaque™ (iohexol)
350 mg) to the mixture until the gel was formed. After that, the mixture was cold to 90°C.
To achieve this percentage, 75 grams of agarose was mixed with 2500 ml of water. For Fat
tissue, the bee wax with 89%weight was added to 11% weight of water by using 2500gram
of bee wax which was mixed with 288gram of water. The mixture was heated to 60-65°C
until the solution was formed then cold to 50°C. For vascular structures (external and internal
common iliac, superficial and deep femoral arteries) were used the different diameters of
extension tubes 9 mm, 5 mm, 8 mm, and 5 mm respectively. These tubes were filled with a
3% weight of contrast media (Omnipaque™ (iohexol) 350 mg) to ensure the optimal and
required vascular enhancement in the arteries without making any streak effect on the

phantom. Also, 2.6% weight of etherified hydroxyethylcellulose (Shin Etsu Tylose R HS
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100000 YP2) and 0.2% weight of benzalkonium chloride (StepanguatR 50 NF) was used as
an antibacterial agent. Additionally, CT number tests were done for these structures, to
ensure mimicking the human pelvis density, representing CT number values of 900, 26, -90,

and 400 for bone, muscle tissue, fat and vascular structures respectively.

Table 3.2: Material components of pelvis bone, soft tissue, and vessels.

Tissue Component Concentration
Bone Plastic & calcium sulfate (CaSoas) 26% CaSo4 + 74% water
Fat Bee wax & water 89% bee wax + 11% water
Muscle Agarose powder & water 3% agarose powder + 97%

water + 2 ml iohexol

Vascular structures  Iohexol + water 3% lohexol + 97 water

Two types of the hip prosthesis were inserted in both femurs, the first one is a 40 mm
head Metal on cemented cup total hip prosthesis, standard neck (Biomet Ltd, Waterton
Industrial Estate, Bridgend, South Glamorgan CF 31 3XA, UK) was inserted with a titanium-
aluminum-vanadium (Ti-6Al-4V) stem in the left femur. The second one is a 46 mm head
metal on metal Austen Moore (Excel Stainless Steel, Standard Stem, NARANG medical
Ltd) was used for the right femur. The justification of using two types of the hip prosthesis
is that both total hip and Austen Moore prostheses are widely used in certain countries for

the management of femoral neck fractures not only in young but also in older patients *.

14



Figure 3. 3: (A) The pelvis phantom with dimensions. The phantom used was made of
polymethyl methacrylate (PMMA) containing bone, soft tissue, fat and vascular structures.
(B) Two types of hip prosthesis were inserted in both femurs, a 40 mm head Metal on
cemented cup total hip prosthesis, the standard neck was inserted with a titanium-
aluminum-vanadium (Ti-6Al1-4V) stem in the left femur. For the right femur, a 46 mm

head metal on metal Austen Moore was used.

3.2 Study Design, Image Acquisitions, and Reconstructions

Phantom scans were obtained first without the insertion of two types of the hip
prosthesis, then two days later the scans with the prosthesis were carried out. All images
without and with the prosthesis were obtained with FBP and reconstructed using iDose?, and
IMR, and also with and without O-MAR, for a more detailed description of O-MAR we refer
to “Appendix A”, and evaluated using a consistent analysis template mask. Scans without
and with the prosthesis were acquired at low, (two-standard) 3’ and high-dose CT-dose index
(CTDI) 0f 12.0, 28, 28.5, and 30.0 miliGray (mGy) at 80, 100, 120, and 140 kVp respectively
producing 8 different acquisitions. Dose modulation was on during scans without the
prosthesis and was off with the prosthesis scans. Milliampere-seconds (mAs) values without
and with the prosthesis were the same but different for each kVp setting. mAs values were
(390 —550), (340 —420), (293 — 387) and (261 — 356) respectively for 80, 100, 120, and 140
kVp settings. However, the scan of CTDI at 28.5 mGy at 120 kVp reconstructed with FBP
without a prosthesis was the standard protocol on the CT machine. The designed phantom
was scanned using a Philips Brilliance iCT 128-slice CT-scanner (Cleveland, OH), where
reading from the acquisitions without adding the prosthesis was used as a reference value.

Fixed scan parameters were 64 x 0.625 mm collimation, 1.5 mm slice thickness with 1.0
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mm increment, 460 mm field of view, 0.524 pitch, 512 x 512 image matrix, 0.5s rotation
time, and value of 60 and 360 for window level and window width respectively were used

in our study.

The IMR reconstruction system (version R11) was used. For traditional, iterative,
and model-based iterative reconstruction, noise reduction levels and filter forms were
adapted. The iDose* from Philips can reduce noise at seven different levels. we use iDose*
level 4 because this is the middle level of noise reduction for iDose®, also for reasonable
contrast the middle level of Philips' IMR, level 2, was selected. iDose*, a fourth-generation
hybrid IR algorithm, and model-based iterative reconstruction algorithm (IMR), a full
iterative reconstruction technique, both are introduced by Philips Healthcare (Cleveland,
OH), for a more thorough overview of iDose* and IMR algorithms, see “Appendix B and
Appendix C”. The choice of the soft and the sharper reconstruction kernels were made based
on the kernels that are commonly used in the hospital’s clinic for CT examinations in the
pelvic area. In CT imaging of metal materials, a strong or sharp filter was selected to improve
contrast and reinforce edges between hard and soft objects. As a consequence, the sharp filter

D has been used for iDose* and FBP, while the IMR filter Sharp Plus was used.

3.3 Data Analysis

3.3.1 Quantitative Analysis

Different regions of interest (ROIs) are analyzed and evaluated by measuring CT
numbers in the Hounsfield unit (HU), noise levels, and SNRs to assess image quality, as well
as the severity of metal artifacts and the efficacy of metal artifact reduction. To increase the
reliability of the measurements, a standardized measurement prototype mask was used for
each scan. Scan measurements were made using a precise measuring layout to improve the
scan's reliability. The axial slice was exactly centered in the study regions and, and stored as
a Digital Imaging and Communications in Medicine (DICOM) file for each of the 36
datasets. A single axial slice was inserted in Imagel version 2.64, and the five ROIs (R1 -
R5) prototype was generated manually as shown in Figure 3.2. The five RIOs representing
the following anatomy (right common iliac artery, left common iliac artery, right gluteus

medius muscle, fat, and ubladder) respectively from R1 — RS.
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Figure 3.4: Axial CT-slice acquired at 120-kVp with IMR. Also, it shows the measurement
template mask including the ROIs of the 5 regions (R1-R5).

Real quantitative analyses were performed using MATLAB® 2014b. Regions (R3 -
R5) had a diameter of 360 pixels or 2.60 cm and (R1 and R2) had a diameter of 30 pixels or
0.24 cm which minimizing partial volume effects in all regions and ensuring that regions
(R3 and R5) are at the middle of the artifact. The standard deviation of the pixels in an ROI
was used to determine the noise level, with and without the insertion of a prosthesis. SNRs
were determined by splitting CT numbers measurements of ROIs from the noise level or
standard deviation. Metal artifact correction via O-MAR was determined for CT numbers,

noise levels, and SNRs as follows *°:

Deviation without 0-MarR = [reference value - value without O-MAR| (D)

Deviation with 0-MAR = [reference value - value with O-MAR| 2)

3)

Correction py 0-mar (%) = (1 — ( Deviation with 0-MAR )) % 100

Deviation without 0O—MAR

3.3.2 Statistical Analysis

For the statistical manipulation of our data; both descriptive and inferential statistical
methods are used with a focus on the descriptive approach. The statistical analysis was
carried out using the Minitab® statistical software. On one hand, descriptive statistical
methods such as percentages, means, and charts were suggested by the nature and goals of
our study where we compared the performance of different algorithms under different
conditions and assumptions. On the other hand, when we consider the five regions of interest
collectively, along with all four levels of energy it became reasonable (to a good degree) to
conduct inferential parametric statistics where we utilized the t-test comparing two
independent population means with unknown and possibly unequal population standard
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deviations. This tool of analysis will be used on a larger scale with our future studies. A

value of p <0.05 was used as a significance standard.
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Chapter 4

Results and Discussion

This chapter outlines the results of the study, the effect of using O-MAR, IMR, and

integration of O-MAR and IMR in correction and improvement on CT numbers, noise, and

SNRs values without and with the insertion of the prosthesis, with a discussion of the results.

4.1 Without the Insertion of the Prosthesis

IMR resulted in lower reference CT number values in comparison with FBP and

iDose* for regions R1-R5 as shown in Table 4.1. Also, IMR resulted in lower noise values

compared to FBP and iDose* (p<0.001) and increased SNRs in comparison with FBP and

iDose* (p<0.05) for all regions.

Table 4.3: Reference values of CT numbers, noise values, and SNRs for regions R1-R5 at

80, 100, 120, and 140-kVp reconstructed with FBP, iDose*, and IMR.

FBP IDOSE* IMR
kVp 80 100 120 140 80 100 120 140 80 100 120 140 p-value
Rl 666 621 578 495 649 589 546 470 605 576 466 357  0.38
% R2 754 671 547 474 615 601 522 460 601 554 422 366
%E R3 41 33 27 27 33 30 27 25 26 25 23 22
5" R4 -100 99 -8 -75 93 86 -76 -61 -8 75 67 -55
© RS 45 39 38 28 34 30 26 26 28 26 25 25
R1 43 40 37 30 30 27 23 18 18 13 9 6  <0.001
- R2 48 42 34 28 27 27 23 20 19 16 11 6
g R3 36 29 23 22 21 18 16 13 6 5 5 4
Z R4 40 34 28 23 20 16 12 10 7 5 4 4
R5 36 27 25 15 15 13 11 10 6 5 4 4
R1 155 155 156 163 21.6 21.8 237 258 339 438 522 615 <0.05
R2 157 159 162 167 227 227 23 23 319 357 403 582
2 R3 1.1 12 12 12 16 17 17 2 43 5 5 52
2 R4 25 29 31 32 46 53 62 62 122 15 152 153
RS 12 14 15 19 23 24 24 26 44 53 6 6.1
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CT number, noise values, and SNRs showed little variation at similar kVps settings
(Table 4.2). Using IMR, CT number values at kVps of 80, 100, 120, and 140 were
respectively 11%, 10%, 14%, and 14% lower compared to iDose* and respectively 24%,
20%, 23%, and 18% lower compared to FBP without any significant changes (p>0.05).

Table 4.4: Reduction of CT numbers and noise values, and improvement of SNRs for R1-

R5 at 80, 100, 120, and 140-kVp reconstructed with FBP, iDose*, and IMR.

CT number Noise SNRs
Reduction % Reduction % Improvement %
kVp | IMR vs. IMR vs. IMR vs. IMR vs. IMR vs. IMR vs.

FBP iDose* FBP iDose* FBP iDose*
R1 80 9.16 6.81 58.06 40 1.18 0.56
R2 20.27 2.35 60.71 30.41 1.03 0.4
R3 37.1 21.9 83.51 71.92 2.81 1.78
R4 12.17 5.07 82 64 3.88 1.64
RS 38.82 18.95 82.57 57.37 2.51 0.9
R1 100 | 7.24 2.24 67.46 51.82 1.82 1.01
R2 17.36 7.75 63.18 41.36 1.24 0.57
R3 24.47 16.52 82.4 71.8 3.29 1.96
R4 25.03 12.81 85.29 69.14 4.1 1.82
RS 32.76 11.31 81.56 60.29 2.65 1.23
R1 120 | 22.82 18.3 75.71 60.87 2.35 1.2
R2 22.87 19.16 68.94 53.98 1.48 0.76
R3 15.32 14.18 80.04 71.04 3.24 1.96
R4 24.06 12.43 84.29 64.52 3.83 1.47
RS 32.53 3.86 83.1 61.34 2.99 1.49
R1 140 | 27.98 24.11 80.2 67.03 2.76 1.38
R2 22.8 20.5 7791 68.59 2.49 1.53
R3 15.86 11.76 80.41 65.54 33 1.56
R4 11.53 9.84 84.35 63.27 3.71 1.47
RS 11.82 4.5 72.97 59.53 2.26 1.36
Average % 22.34+9 1222+ 7 76.73+9 59.69 + 11 2.65+1 1.30£0.5
p-value 0.31 0.38 <0.05 <0.05 <0.05 <0.05

Using IMR, noise levels at kVps of 80, 100, 120 and 140 were respectively 53%,
59%, 62% and 65% lower compared to iDose* and respectively 73%, 76%, 78% and 79%
lower compared to FBP (p<0.05). Using IMR, at kVps of 80, 100, 120, and 140, SNRs were
a factor 1, 1.32, 1.38, and 1.46 higher compared to iDose* and a factor 2.3, 2.7, 2.8, and 2.9
higher compared to FBP (p<0.05).
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4.2 With the Insertion of the Prosthesis

Four regions of interest R1, R2, R3, and R5 of the hip phantom were affected by the
prosthesis located on the bilateral side. Therefore, we only focused on these regions as shown
in Figure 4.1. The most affected region of interest was region RS located between the two
prosthesis heads. Region R4 (unaffected), regions R2 and R3 (moderate artifacts), located
near the prosthesis head, and region R5 (severe artifacts) were further evaluated and selected
based on visual assessment. Also, R1 was analyzed because it appears to be influenced by a
white streak artifact on the medial and upper sides of the prosthesis head. Both regions R1

and RS were the primary focusing of this study.

Figure 4.1: A 120-kVp acquisition reconstructed with iDose* level 4 and without the use of
O-MAR. Region RS located between the two heads prosthesis is invisible due to severe

metal artifacts. Region R1 seems to be affected by a white streak artifact.
4.2.1 CT Numbers

Figure 4.2 displays the deviated CT numbers, noise, and SNRs for regions R1, R2,
R3, R4, and R5 using FBP at 120 kVp and the standard dose. Without using O-MAR, SNRs
decreased and noise values increased compared to reference values due to metal artifacts for
all regions. Also, CT number values decreased for regions R3 and R5 but increased for
regions R1 and R2 because they were affected by white streak artifacts. The usage of O-
MAR reduces CT number variations in regions R1, R2, R3, and RS from baseline values and
was most noted in regions R1 and R5. Region R4 was unaffected by metal artifacts since it
was beyond the prosthesis's axial scan area. CT numbers of region R4 were equivalent with
and without the application of O-MAR, confirming the statement that O-MAR would not

work in areas free of metallic artifacts.
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Figure 4.2: CT numbers, noise values, and SNRs for regions R1, R2, R3, R4, and RS at
120-kVp reconstructed with FBP after prosthesis insertion. The reference values are shown

in red in the absence of the prosthesis.
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The influence of O-MAR in conjunction with the various reconstruction techniques
is shown in Figure 4.3. We explored the impact of O-MAR in conjunction with FBP, iDose*,
and IMR, concentrating on the most severe metal artifacts in regions R1 and RS5. Regions
R1 and RS are highly influenced by severe metal artifacts due to the large metal head and
cannot be visualized without O-MAR for all reconstruction techniques as shown in Figure
4.3 (A, B, and C). Using O-MAR, region R1 can be visualized but only when paired with
IMR. Also, when O-MAR is paired with iDose* or IMR region R3, it is possible to see it
again. O-MAR suppresses artifacts and renders all these regions visible again when paired
with iDose* or IMR. O-MAR has no impact on the unaffected region R4 and is most useful
in treating the most severe artifacts in the case of regions R1 and R5 as shown in Figure 4.3

(D, E, and F).

FBP _ iDose* level 4 IMR level 2

g

Figure 4.3: 140-kVp standard-dose images reconstructed with FBP, iDose*, and IMR and
with and without the use of O-MAR. (A): the reconstructed images obtained with FBP,
(B): the reconstructed images obtained with iDose*, (C): the reconstructed images obtained
with IMR, (D): the images reconstructed with O-MAR combined with FBP, (E): the
images reconstructed with O-MAR combined with iDose?, (F): the images reconstructed

with O-MAR combined with IMR.
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Region R1, O-MAR improved CT-number precision by 49% and 83% for

respectively for FBP, IMR (p<0.05), compared to iDose* by 57% without any significant
changes (p>0.05) (Figure 4.4, Table 4.3).
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Figure 4.2: CT numbers, noise values, and SNRs in severe metal artifacts in region R1 at

80, 100, 120, and 140-kVp utilizing FBP, iDose*, and IMR. The reference values are

shown in red in the absence of the prosthesis.



Table 4.3: Corrections in CT-numbers, noise values, and SNRs of region R1 by application

of O-MAR to reference values utilizing FBP, iDose*, and IMR for the 4 different

acquisitions.
HU (%) Noise (%) SNR (%)

kVp FBP iDose* IMR FBP iDose* IMR FBP iDose* IMR

80 73 89 90 60 76 89 6 26 55

100 56 58 68 64 83 88 5 26 42

120 25 30 81 80 89 90 4 23 38

140 43 49 93 81 87 89 4 16 34
Average (%) 49+20 57+24 @83+11 71+11 84+6 89+1 S5+1 23+£5 4249
p-value <0.05 0.06 <0.05 <0.05 0.06 <0.05 <0.05 <0.05 <0.05

In the case of the most severe artifacts in region R5, O-MAR improved CT-number
precision by 81%, 89%, and 92% against baseline values for respectively FBP, iDose* and

IMR (p<0.05) (Figure 4.5, Table 4.4).

Table 4.4: Corrections in CT-numbers, noise values, and SNRs of region R5 by application

of O-MAR to reference values utilizing FBP, iDose*, and IMR for the 4 different

acquisitions.
HU (%) Noise (%) SNR (%)

kVp FBP iDose* IMR FBP iDose* IMR FBP iDose* IMR

80 79 87 90 79 90 92 28 32 37

100 80 89 90 78 89 91 29 36 38

120 80 90 93 76 91 92 30 38 46

140 84 90 93 83 91 92 27 42 52
Average (%) 81+2 89+1 92+£2 79+£3 90+1 92+05 29+1 37+4 437
p-value <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.09 <0.05
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Figure 4.5: CT numbers, noise values, and SNRs in severe metal artifacts in region RS at

80, 100, 120, and 140-kVp utilizing FBP, iDose*, and IMR. The reference values are

shown in red in the absence of the prosthesis.
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4.2.2 Noise Values

The standard deviation of pixels in the ROIs has been used to quantify the noise of
the ROIs. Metal artifacts increased noise values by elevating standard deviation in all regions
and particularly in regions R1 and R5 (Figure 4.2). Noise values of region R4 were slightly
higher than reference values without the insertion of the prosthesis. O-MAR can minimize
noise values when paired with FBP, iDose*, and IMR. Because IMR images had relatively
lower noise values, O-MAR was most successful in treating noise when IMR was
implemented, with corrections in the noise in region R1 by 71% and 89% for respectively
for FBP and IMR (p<0.05), compared to iDose* by 84% without any significant changes
(p>0.05) (Figure 4.4, Table 4.3). For region R5 with the most severe artifacts, O-MAR
reduced noise values by 79 %, 90 %, and 92 % for respectively FBP, iDose*, and IMR
(p<0.05) (Figure 4.5, Table 4.4).

4.2.3 SNRs

O-MAR had a good impact concerning HU correction in regions R2 and R3 with
greater HU correction by O-MAR for regions R1 and RS, although the HU values of region
R4 stayed fairly stable as shown in Figure 4.2. Although O-MAR did not enhance CT
numbers of all affected regions to reference values in the absence of a prosthesis, SNRs
increased significantly for other regions besides regions R1 and R5 (Figure 4.2). SNRs of
region R5 were negative, obliterating the boundary between region RS and the adjacent
tissue (Figure 4.3(A-C)). On the other hand, SNRs of region R1 were positive but less than
the reference value without insertion of the prosthesis, eliminating the boundaries across the

region R1, since it was affected by white streak artifact (Figure 4.3(A-E)).

O-MAR was most successful in enhancing overall SNR and makes all these regions
clear again when paired with iDose* or IMR (Figure 4.3(A-C)). Overall SNR was
significantly higher for IMR images and O-MAR became more successful in correcting SNR
deviations when paired with IMR with total SNR corrections region R1 by 5+ 1,23 + 5, and
42 + 9 for respectively FBP, iDose*, and IMR (p<0.05) (Figure 4.4, Table 4.3). O-MAR
greatly enhances SNR corrections among the most severe artifacts in region RS with 29 + 1
and 43 + 4 for respectively FBP and IMR (p<0.05), compared to iDose* by 37 + 7 without
any significant changes at (p<<0.05) (Figure 4.5, Table 4.4). Although O-MAR was unable
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to return SNRs to reference values of unaffected regions R4, a great visual improvement was

observed when paired with IMR as shown in Figure 4.2.

When paired with IMR and for 140-kVp performance, O-MAR found to be most
successful in cases of the most severe artifacts in regions R5 (Table 4.4). For region RS, O-
MAR paired with IMR revealed an average HU correction of 90%, 90%, 93%, and 93% for
respectively 80, 100, 120, and 140-kVp results. Noise was corrected for with 92%, 91%,
92% and 92% for respectively 80, 100, 120 and 140-kVp results. SNR corrections were 37%,
38%, 46% and 52% for respectively 80, 100, 120 and 140-kVp results. On the other hand,
for region R1, O-MAR efficiency showed little variation when paired with IMR and for 80
and 140-kVp results regarding SNRs (Table 4.3). O-MAR paired with IMR yielded an
average HU correction of 90%, 68%, 81%, and 93% for respectively 80, 100, 120, and 140-
kVp results. Noise was corrected with 89%, 88%, 90% and 89% for respectively 80, 100,
120 and 140-kVp results. SNR corrections were 55%, 42%, 38% and 34% for respectively
80, 100, 120 and 140-kVp results.

4.4 Discussion

At all-tube voltages, our results indicate that iterative model-based reconstruction
(IMR) significantly decreases noise value relative to traditional FBP and iterative
reconstruction approaches (iDose*) (p<0.001). Besides, IMR enhances image quality with
higher SNRs than FPB and iDose* (p<0.05). The justification behind these findings is that
model-based iterative reconstruction approaches can handle the increased detector noise
levels especially at lower doses better than traditional reconstruction techniques such as FBP
and iterative reconstruction techniques as they combine data statistics, image statistics, and

system models °.

IMR had lower CT numbers relative to FBP and iDose*. This can be demonstrated
by variations in kernel kind, while filter D was used for FBP and iDose* and Sharp Plus have
been used for IMR. The Sharp kernel utilizes edge enhancement at structure interfaces,
which may affect edge enhancement at the interfaces between structures, which may affect

CT numbers in a small region of interest or small structures %,
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Metal artifacts are represented as deviations from the (unaffected) mean CT numbers
in HU, noise [HU], and SNRs °. O-MAR decreases metal artifacts and is most powerful in
the case of severe artifacts in region R5, and when paired with IMR dependent on corrections
in deviated HU values (p<0.05), and noise values (p<0.05), although SNRs did not show any
significant improvement (p>0.05). While the integration of O-MAR and IMR in region R1
resulted in a significant correction in deviated SNRs (p<0.05), there was no significant
improvement in noise or HU values (p>0.05). While the integration of O-MAR and IMR in
region R1 resulted in a significant correction in deviated SNRs (p<0.05), there was no

significant improvement in noise or HU values (p>0.05).

We realized that integrating O-MAR and (model-based) iterative reconstruction
improves image quality. That's because the O-MAR algorithm post-processes the projection
data and delivers more consistent attenuation profiles until image reconstruction. These
consistent attenuation profiles have the potential to increase the overall efficiency of iDose*
and IMR *®. A study by de Kuya et al. (2017) stated that MBIR further reduces the size of
the artifacts and that allows for an equal or better visibility of the bone-metal interface and
improves the assessment of soft tissue around the implant compared to FBP '8, Yasaka et al.
(2013) also found that the use of MBIR had reduced streak artifacts, leading to an improved

overall image quality 7.

Concerning HU values, O-MAR had a good impact on intermediate artifacts with
slight HU differences in most cases. This impact was observed for regions R2 and R3. CT
numbers, noise values, and SNRs of region R4 verified that O-MAR would not change the
data in regions not influenced by metal artifacts 2. A study by Boomsma, M. F. et al. (2016),
stated that unaffected area by metal artifact helps for more precise bone mineral density
measurements in CT in the acetabular region, which may be used in THA surgical repair *°.
At all reconstruction algorithms and tube voltages, O-MAR reduced HU differences in
severe metal artifacts influencing region R5 (p<0.05). In most instances, O-MAR minimized
noise and increased SNRs in other impacted regions. O-MAR revealed regions R1 and RS
in all cases once reconstructed with iDose* or IMR, demonstrating variations in O-MAR
efficacy when paired with (model-based) iterative reconstruction approaches. According to
a previous study, IMR increases overall image quality, and O-MAR is most successful in
severe artifacts and when paired with IMR in enhancing CT number precision, SNRs, and

CNRs while also reducing noise 2°. This can be explained by O-MAR ability to detects and
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replaces projections that crossed through metal with interpolated data from neighboring
projections that did not **. Besides, image noise potentially could be eliminated with IMR,

which would create an artifact- and noise-free image +*.

Using FBP, the total noise values were high and slightly decreased even with O-
MAR because FBP itself cannot actually manage the noise, and particularly in severe
artifacts °. Mainly, the artifact's geometry and structure were similar by utilizing FBP, IMR,
and iDose* with and without application of O-MAR. However, we found noticeable
variations in image quality through a significant reduction in noise in region RS by utilizing

iDose* and IMR.

Typically, as tube voltage is lowered noise rises. The integration of IMR and O-MAR
contributes to better noise reduction than iDose* and FBP at 80 kVp in our findings for
regions R5 and R1. The explanation for this finding is that IMR is more able to manage
elevated detector noise levels compared as it integrates data statistics, image statistics, and
device models. Also, O-MAR has shown usefulness even in lower tube voltages, due to
specific metal separation and tissue segmentation at low tube voltages . A study by
Boomsma et al. (2015) *! used iDose* to measure the significance of O-MAR by adjusting
multiple scan parameters. They reported that although iDose* has little impact on the results
of O-MAR, it could assist in imaging at a lower dose due to improvements in CNRs. They
noticed that O-MAR is effective in reducing severe artifacts by 32% relying on CT numbers
utilizing iDose*, while we found that O-MAR would lead to HU correction by 89% utilizing
iDose* and 92% using IMR. Also, related to previous studies ***°  we found that IMR
reduced noise significantly at low tube voltage and helped improve image quality relative to
FPB. The findings of our research indicate that noise is reduced when IMR is applied in low-
dose acquisition. which is important to minimize the dose in clinical practice as well. A side
effect of this excessive noise reduction in low-dose acquisitions may result in image blurring,
resolution degradation, and over-smoothing of the image *>. However, It is best to be
cautious when decreasing the dosage since there is a smoothing impact, which results in the
lack of tiny details and low-contrast detectability °. There could be more variation and
uncertainty in the measured noise levels than what can be expected due to just doing a single

scan of any of the different situations.
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Also, we found that using the combination of IMR and O-MAR with 120 and 140-
kVp were successful in MAR with lower noise and better SNR in case of severe metal artifact
inregion R5. The use of a higher tube voltage of 140-kVp that penetrates metal with higher-
energy x-ray beams could support O-MAR in the reduction of metal artifacts and noise
correction >!. Although using a tube voltage of 140 kVp will increase the radiation dose up
to 30 mGy, it remains within the permissible limit 3. Moreover, O-MAR resulting in more
consistent attenuation profiles before image reconstruction, potentially improving the overall
efficiency of IMR 2°. A Previous study stated that the integration of IMR and O-MAR with
140 kVp led to a major increase in overall image quality and the most efficient in reducing
artifacts with better CT number precision, lower noise levels, and improved SNRs °.

Research by Wellenberg et al. *

showed that minimizing severe metal artifacts with O-MAR
with improving CT number precision by 50%, 60%, and 63%, and reducing noise by 1%,
62%, and 85% whereas improving SNRs by 27%, 47%, and 46% and with FBP, iDose* and
IMR respectively, where we found improving CT number accuracy by 81%, 89%, and 92%
and reducing noise by 79%, 90% and 92% whereas improving SNRs by 29%, 37%, and 43%
and with FBP, iDose*, and IMR respectively. A potential reason for the reported variations
may be that they have used a different measurement template, different CT scanner, water

uses rather than soft tissue material around the phantom, use of a unilateral total hip

prosthesis, different slice thickness, and the use of a different filter type.

Numerous metal artifact suppression strategies were shown to greatly enhance the
overall image quality while reducing artifacts with increased diagnostic confidence as
described earlier. Many studies observed that O-MAR led to a better CT number precision

and lowered noise values 43321

as O-MAR is an iterative projection adjustment approach
that identifies and corrects data distorted by streak artifacts using uncorrupted projection
data **. Nevertheless, no analysis into the added utility of the O-MAR has been conducted
to see whether it works along with model-based iterative reconstruction. Related results on
CT numbers precision and noise reduction were seen in other O-MAR studies **3333, While
using O-MAR, a voltage of 140 kVp is recommended in case of severe metal artifacts caused
by the beam-hardening effect, as a result of lower deviations in CT numbers, noise levels,
and SNRs relative to reference values. Also, at a 140-kVp setting, both beam-hardening and
the statistical noise are reduced, which supports the O-MAR algorithm 2. Latest studies

indicate that MBIR approaches have reduced image noise to around 75% and 83%, and

radiation dose by 75% - 80%, compared to traditional reconstruction approaches >°.
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IMR has displayed greater image quality and improved diagnostic precision relative
to FBP and iDose*. Region R1 has greatly improved SNRs through the O-MAR and utilizing
IMR algorithm relative to FBP and iDose* (p<0.05). Since O-MAR is effective at low tube
voltage %, we noticed the reverse effect of O-MAR when coupled with IMR at low tube
voltage at 80-kVp compared with 140-kVp on SNRs. Relative SNRs improvement by O-
MAR was the highest in the acquisition of 80-kVp for IMR reconstruction with 55% higher
than 140-kVp with 34 %. There are some benefits to the reduction of kVp setting. It has been
recommended that employing an 80—100 kVp rather than a 120-140 kVp is an important

means for greater contrast enhancement 47

. Also, reducing the kVp setting boost vascular
enhancement. The intrinsic attenuation of iodine-based contrast agents increases with
decreased X-ray peak energy toward the K-edge energy of 33.2 Kilo Electron Volts (keV)
due to the high relative atomic number of iodine *’. An analysis by Fan Zhang et al. revealed
that using 80 kVp together with IMR may have significant benefits in enhancing overall
image quality **. This finding is probably due to IMR's ability to boost low- and high-contrast
detectability by reducing image noise and artifacts, as well as the use of 80 kVp protocols to

enhance the vascular structure.
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Chapter 5

This chapter shows the conclusion of the study, limitations, recommendations, and
future studies.

5.1 Conclusion

O-MAR decreases the appearance of metal artifacts using partial iterative
reconstruction technique iDose* and is most efficient in severe artifacts when used in
combination with 140-kVp and IMR. O-MAR has shown usefulness even in lower tube
voltages. O-MAR would not change the data in regions not influenced by metal artifacts.
IMR provides better image quality compared to FBP and iDose*. In the CT imaging of a
bilateral total hip prosthesis phantom, using IMR together with O-MAR increases image
quality by significantly minimizing metal artifacts, reducing noise, and enhancing CT
number and SNR. This would support the diagnosis of soft tissue lesions, bone disease, and

vascular defects in patients with bilateral hip prostheses.
5.2 Limitations

There are certain limitations to our research. We just conducted quantitative methods.
More subjective image quality evaluation may offer more insight into the practical utility
and added value of CT strategies. The rectangular form of the phantom with sharp edges
might be replaced with an oval shape showing more natural human pelvic dimensions. To
measure metal artifacts, the standard deviation of pixels in an ROI was used to calculate the
noise. We are conscious that both noise and artifacts can influence an ROI's standard

deviation, and that it is hard to tell which is more influential.

Regardless of the fact where CT numbers, noise, and SNRs are appropriate and
regularly used image quality criteria, further measurements of the contrast to noise ratios
(CNRs), modulation transfer function (MTF) and noise power spectrum (NPS) will provide

more information about the nature of the noise.
5.3 Recommendations

1. In the case of metal prostheses, post-processing algorithms such as (iDose*, IMR, and O-
MAR) can minimize metal artifacts much better than conventional acquisition and

reconstruction.
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2. The ideal option for a significant reduction in severe metal artifacts caused by beam

hardening and improved image quality is to use 140-kVp, O-MAR, and IMR.

3. Since O-MAR works at low tube voltages, using the acquisition of 80 kVp with a
combination of IMR and O-MAR is an important means for greater contrast enhancement

and boost vascular structure.

4. When using IMR with O-MAR at low tube voltages, be cautious because the smoothing

effect can result in a loss of small information and low-contrast detectability.

5. There is no need to use O-MAR if there is no metal in the scanning field of view as it has

no impact on enhancing image quality.

6. Continuous education for physicians, radiologists, and radiographers about the dangers
and advantages of CT-dose, as well as how to optimize CT-dose in the case of a metal

prosthesis.
5.4 Future Studies

More experiments and studies on this phantom should be conducted at various
CTDlIvol values to determine the best degree of hybrid and model-based iterative
reconstruction algorithms for reducing metal artifacts in CT imaging while enhancing overall
image quality and lowering the patient dose. A multi-vendor compression analysis should
also be done to assess the effectiveness of various commercial metal artifact reduction
technology and reconstruction techniques. Finally, standard low dose protocol should be

adjusted in case of a metal artifact to provide the diagnostic image with less radiation dose.
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APPENDICES

APPENDIX A

Orthopedic Metal Artifact Reduction Algorithm

The commercial OMAR algorithm assessed in this study is an iterative projection adjustment
approach 22. (OMAR) algorithm made by Philips Health System, Cleveland, USA, and is
used to erase metal artifacts through data acquisition modification. The O-MAR algorithm
utilizes an iterative loop in which the metal sinogram is obtained and then acts as a mask to
correct the calculated sinogram. The output correction image is subtracted from the source
images. The resulting image then becomes a new input image and the step can be replicated.
The first step is to set the threshold for producing a metal-only image in the source image.
The metal-only image consists of all pixels set to zero, except those which are classified as
metal. Metal data points in the sinogram are substituted by interpolated values that simulate
tissue in place of metal. This sinogram is re-projected and the resulting image is used to
segment tissue to build a tissue-classified image. This phase is not carried out for subsequent
iterations. Over one or even more cycles, if there are no large clusters of metal pixels in the

image, hence no processing is done and the final, corrected images are measured *®.
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APPENDIX B

iDose is the 4th generation iterative reconstruction algorithm developed by Philips
Healthcare (Cleveland, OH) used to avoid photon starvation artifacts (streaks, biases) after
image formation and to preserve image texture. iDose* involves iterative modeling in both
projection and image domains. In the projection domain, the algorithm determines and
corrects the noisiest values, those with very low SNRs, or very low photon counts. By using
a model that contains actual photon statistics from each projection and iterative diffusion
process, noisy data, underlying structures are maintained and spatial resolution is preserved
thus allowing for considerable noise reduction. The next major component of the iDose*
algorithm interacts with the subtraction of image noise by calculating the noise distribution
in the image volume. This eliminates noise while maintaining the underlying edges
consistent with real anatomy or pathology. After that, a selector distinguishes between the
noiseless structural models, and the one that best matches the local image volume topology
is selected. When the optimal model has been selected, it is used to decrease the noise in the

image volume **-°°,
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APPENDIX C

A model-based iterative reconstruction algorithm

Philips' MBIR-based iterative model-based reconstruction algorithm (IMR) is a complete
iterative reconstruction technique. Improves the process of reconstruction by integrating

device models and photon statistics '

. With MBIR, images are being reconstructed at
decreased levels of radiation at minimal levels of noise. In comparison, MBIR decreases the
volume of artifacts and allows for equivalent or greater visualization of bone-metal
interfaces, and facilitates the evaluation of soft tissue around implants relative to FBP '°
IMR differs from FBP approaches in that the reconstruction process will be an adjustment
strategy that involves data statistics, image statistics, and comprehensive CT machine
geometry. Figure C.1 shows an overview of the IMR algorithm. This adjustment strategy can
be limited by the cost function of (a) The variance between the calculation of the data and
the real data obtained; (b) a concept of regularization. it can be assumed that a noisy image
would be a reasonable solution to the reconstruction issue, which reduces the gap between
the predicted and the real data, a restriction (regularization) is needed to obtain a better
image. A restriction that hinders image noise would guide the adjustment strategy to
generate noiseless images, and the level to which it is implemented could regulate the level
of noise reduction. Such a restriction would consider the effects of knowledge of data
statistical models (knowledge of quantum noise statistics in projection data) and could set
limits to fix the problem. The achieved spatial resolution of the final image is guided by the
sampling of the detector, angular sampling, and device geometry. Spatial resolution can be
increased without the inclusion of image artifacts by using this information in the adjustment
strategy. Compatible models for various device elements and system physics can be added.
Together, a comprehensive review of the system properties enables the design of the cost
feature, allowing IMR to efficiently monitor image noise while optimizing spatial resolution
at radiation doses that are substantially smaller than those typically used for FBP

reconstruction '°.
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Svstem Model Statistical Model

Incorporate knowledge of system geometry Incorporate knowledge of X-ray statistics
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Knowledge-
based
Iterative

Optimization Function Clinical Target
Incorporate knowledge of object properties Incorporate imowledge of desired characteristics
Targets highest achievable detail & lowest noise Enables user control over desired results

Figure C.2: IMR — Algorithm Overview '°.
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