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Abstract

High density/high atomic number metallic objects create shading and
streaking metal artifacts in the CT image that can cause inaccurate delineation of
anatomical structures or inaccurate radiation dose calculation.

We developed techniques for reducing metal artifacts in both megavoltage
CT (MVCT) and kilovoltage CT (kVCT) images. We remodelled the iterative
maximum polychromatic algorithm for CT (IMPACT) by adding a model for
pair/triplet production and incorporating the energy dependent response of the
detectors and successfully applied it to two MVCT systems. In the corrected
image of a phantom, the error in the measured electron density of a plexiglass
background was <1%. The mean deviation of measured electron density
(0.295-1.695 relative to water) for a range of materials was <3%. For the kVCT
beam, a thickness >13 mm of steel plate resulted in photon starvation at the
detector. The modifications, similar to those for MVCT, made to kVCT in the
IMPACT algorithm did not improve its performance due to photon starvation.

An algorithm (MVCT-NMAR) was developed that uses prior information
from MVCT images to correct artifacts in KVCT. The MVCT-NMAR greatly
reduced the metal artifacts in kVCT without deforming structures and did not
introduce secondary artifacts except for a few faint streaks. The radiation doses
calculated on those corrected images were closer to the doses in a reference image
due to the more accurate CT numbers. These improvements were significant when
compared to the commercial metal artifact correction method (OMAR algorithm

in Philips CT scanner).



The MVVCT-NMAR algorithm was further improved to remove remaining
fine streakings and applied to the images of five patients. The technique greatly
reduced the metal artifacts and avoided secondary artifacts. Those were
significant improvements over the commercial OMAR correction method and
depended upon accurate registration of the MVCT and kVCT images. Large dose
reduction outside the planning target volume was observed for a prostate cancer
patient when these images were used without the requirement that beams avoid
passing through prostheses in TomoTherapy™ treatment plans. Thus the use of
MVCT-NMAR corrected images in radiotherapy treatment planning may raise the

quality of cancer treatments for patients having metallic implants.
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CHAPTER 1 : Background

1.1 Overview of Computed Tomography (CT)

X-ray computed tomography (CT) is an imaging modality that yields
cross-sectional images of an object. Each pixel (picture element) in the image
represents the attenuation characteristics of the object in that plane. The
attenuation characteristic called linear attenuation coefficient (u), relates the
incident (lo) and transmitted (I) intensities of a narrow collimated monoenergetic

x-ray beam passed through a thickness (L) of a tissue/structure in the patient body

1

by:

| =1, exp(—xL) 11
It is a function of x-ray energy, and the atomic number and electron density of the
tissue. In clinical practice, a thin fan-beam of x-rays, wide enough to cover the
required field of view, is passed through the patient, and the transmitted radiation
is detected by an array of detectors. This process is repeated for multiple discrete
azimuthal views by rotating the radiation source-detector assembly in a gantry
about the patient. The detector data is converted into a sum of
attenuations [In(lo/I) = Y udL] along the beam path for each detector (i.e., line
integral of linear attenuation coefficient) and an image is reconstructed using
these line integrals. These data are called projection data. The Cartesian
representation of projection data with the detector number in the array and view
angle as the two coordinate axes is called a sinogram?. The most common image

reconstruction algorithm is filtered backprojection (FBP)? where the projection



1 : Background 2

data for each view is convolved with a filter function and then backprojected in
2D image space, summing the backprojected result for all view angles.

The attenuation coefficients in a CT image are usually expressed in
Hounsfield Units (HU), the shifted and normalized whole number with respect to
water also called CT number:

. 12
CT number = Hisste ~ Huater y1 900 HY

Hyater

With this definition, water and air (more correctly vacuum) have CT numbers of
0 HU and -1000 HU respectively. Because of the very high dynamic range of CT
numbers represented in a single image, a gray scale transformation is applied to
the selective visualization of tissues in the region of interest. The transformation is
represented by window and level which are the total span and center of the CT
numbers around the center to be displayed in the image respectively. After the
transformation, the CT numbers below the range become visually black and those
above visually white.

The history of CT can be dated back as early as the accidental discovery of
x-rays by Wilhelm Konrad Rontgen®, who got the first Nobel Prize in Physics in
1901. The idea of a reconstruction of a function from its projections, called a
Radon transform?, was first formulated by Johann Radon in 1917. However the
first CT scanner was developed by Godfrey N. Hounsfield® in 1972 based on the
mathematical and experimental methods developed by A. M. Cormack®’ in 1963.
Both Hounsfield and Cormack shared the 1979 Nobel Prize in medicine and

physiology for their work.
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Most of the modern clinical CT scanners are third generation scanners
where the detector array is focussed onto the x-ray source and the x-ray source
and detector assembly rotate in unison around the patient. The volumetric data is
acquired by scanning in a slice by slice fashion: either by translating the patient
couch to discrete positions (axial scan) or in a continuous motion (spiral or helical
scan).® Data acquisition with continuous rotation of the source-detector during
the continuous patient translation through the rotating x-ray beam in helical
scanning is made possible with slip-ring technology.® A further advancement in
CT is the introduction of multidetector technology where several rows of
detector-arrays are illuminated by the x-ray source at the same time resulting in
very fast scanning.® This reduces the motion related artifacts and improves image
quality. The CT detectors are arranged in an arc focussed onto the source for
efficient detection.

Historically, the CT detectors contained scintillation materials (convert
x-ray energy into visible light) coupled with photomultiplier tubes that detect the
light photons and convert them to the electrical signal. Modern day CT detectors
are either comprised of an arc shaped container of compressed gas such as xenon
under 10 to 30 bars pressure and electrodes of high density metals (such as
tungsten) for detecting gas ionizations or solid state scintillators (Nal:Ti, Csl:Ti,
CdWOs, BisGesO12, Gd.02S:Th etc.) joined to the photodiodes.® The gas
detectors have higher packing density compared to photomultiplier tube system
but have low absorption and geometrical efficiencies compared to solid state

detectors. The absorption efficiency measures how efficiently the incident x-ray
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guanta are converted into a measurable signal. Solid state detectors have high
absorption efficiency (more than 98%), fast response time in addition to high
packing density. The most recently used commercial ceramic detectors have
ultrafast response time. The signal from a detector in CT gives an estimate of the
total energy fluence incident on a detector element, and is a strong function of

detector material and photon energy.

1.1.1 Interaction of x-rays with matter

At very low energies (<20 keV) the incident x-ray photons interact with
bound atomic electron via two processes. In the process called Raleigh scattering
(or Coherent scattering) the photons are scattered elastically.® In the same energy
range the incident photons may completely disappear in bound electron
interactions, knocking out the inner orbit electrons. The process is called
photoelectric effect.” At a higher energy range (>60 keV), the photons interact
with a free electron and get scattered. The term free means that the binding energy
of the electron is much less than the energy of the incident photon. Atomic
electrons in outer orbits take part in this interaction. A part of the incident energy
is imparted to the recoiled electron. Both the scattered photon and electron travel
at various angles determined by the laws of energy-momentum conservation. This
process is called Compton scattering or incoherent scattering.® At energies
greater than 1.02 MeV the x-ray photons may also interact with the nuclear
Coulomb field where the interacting photon gets disappeared creating

electron-positron pair. This process is called pair-production.® For energies
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greater than 2.04 MeV, the photon may interact in the Coulomb field of an orbital
electron to create an electron-positron pair, a process known as triplet production.
At incident energies greater than 10 MeV neutrons may be produced in
photo-nuclear reactions.®

The mass attenuation coefficient (the linear attenuation coefficient divided
by the density of an object) for coherent scattering and photo-electric process are
approximately proportional to the inverse of second and third power of x-ray
energy respectively. For Compton interaction the mass attenuation coefficient
decreases with energy whereas it increases for pair production. The sum of the
attenuation coefficients for all these processes for a medium is the linear
attenuation coefficient defined in Eq. (1.1). Furthermore, the atomic number (Z)
dependence of both the Raleigh and pair production processes (mass attenuation
coefficients) is approximately linear with Z.° For Compton interactions, it (mass
attenuation coefficient) is independent of Z but varies linearly with electron
density or number of electrons per gram (p).° The mass attenuation coefficient for
photoelectric process varies roughly as Z* for high Z materials like metals and as

Z38for low Z materials like water.®

1.1.2 Kilovoltage CT
Based on the energy of the x-ray source, there are two categories of CT
scanner: kilovoltage CT (kVCT) and megavoltage CT (MVCT). Due to the

variation in the physics of production, interactions with tissue, and detection of
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x-rays at these two energies, the source-detector system and clinical applications
differ significantly between kVCT and MVCT.

Conventional diagnostic scanners are kVCT and use an x-ray tube as the
radiation source that produces a polychromatic photon beam in the range of
30-140 keV. The electrons, boiled off the hot filament of high melting point/high
density metals like tungsten, are accelerated electrostatically in a high vacuum
system towards the anode. The accelerated electrons are slowed down in a target
material such as tungsten that produces x-rays of continuous energy up to the peak
accelerating potential through the Bremsstrahlung process (radiation produced
when incident electrons slow down in the nuclear field of target atoms). A small
fraction of multiple, single energy (characteristic) photons may be produced
when the outer orbit (such as L, M,..) electrons in the target jump to fill the vacant
position created by incident electrons in the lower energy orbits (such as K). Since
most of the electrons lose their energy through excitation and ionization, a huge
amount of energy carried by electrons gets lost in the form of heat and only about
1% gets converted into x-rays. The conversion efficiency increases with energy of
the incident electrons and the atomic number of the target. This heating of target
material limits the time for continuous imaging. Usually, a filter of lower atomic
number metals such as aluminum, copper, and beryllium etc. is used to remove
the lower energy photons that are otherwise absorbed in the patient and increase
radiation dose without contributing to detector signal.’

kVCT images have high contrast resulting from the large Z-dependence of

the photoelectric process, even though less than 10% of interactions occur through
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this process in the photon energy range of the highly filtered beam. Low contrast
resolution in water-like tissues comes from Compton interactions that account for
around 90% of all photon interactions, and hence the CT number is proportional
to the electron density. However, due to the photoelectric effect this CT number to
electron density linearity is piecewise continuous for a wide range of CT numbers
corresponding to the various tissues (from lung to bone) found in the human

body.®

1.1.3 Megavoltage CT

Although cobalt-60 has been used in the past,*® polyenergetic megavoltage
x-ray beams in modern MVCT units are produced by linear accelerators'2
(linacs). A linac can produce x-ray beams with higher peak energies than the
x-ray tubes. In the linac, electrons from an electron gun are accelerated with the
help of microwave power (radiofrequency electromagnetic waves) in a
waveguide, a structure that contains a series of metal cavities to sustain travelling
or standing electromagnetic waves. The electrons “ride” on these waves and get
accelerated before impinging upon a target (usually Tungsten) thick enough to
stop them. The forward directed Bremsstrahlung radiation is used as the photon
source for MVCT.

The majority of photon interactions in human tissues at megavoltage
energies are Compton scattering. So, the tissue contrast in an MVCT image
depends on the electron & physical density and is significantly poorer compared

to a KVCT image where the small contribution from the photoelectric effect adds
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to image contrast. The ability to resolve small soft tissue contrast differences is
limited by the number of photons (determined by the detector signal) used for
imaging because the detector noise is increased as the number of detected photons
is decreased. Although the value of mass energy absorption coefficient, which
represents the average fraction of beam energy absorbed per interaction in soft
tissue, is similar for both kV and MV photons, each interacting higher energy
megavoltage photon deposits more energy to patient tissues.!® Although a lower
interaction probability at higher energies counteracts this effect, generally the
photon fluence incident on the patient must be decreased to limit the imaging
dose. This decreases the photon fluence incident on the detector and coupled with
the poor absorption efficiency of the detectors, the overall noise in the detector
signal increases in MVCT for the typical imaging dose range (1-5 cGy) used in
clinic. The reduced signal to noise ratio (SNR) in the resulting MVCT images
limits our ability to visually differentiate small soft-tissue organs against
background to an extent that is significantly poorer in MVCT compared to kVCT.
However, MVCT has two major potential advantages over KVCT imaging that
makes it useful in radiotherapy:

1. Since the radiotherapy treatment beam is also at MV energy, attenuation
coefficients need not be extrapolated from diagnostic to therapeutic
energies.

2. MVCT is less susceptible to imaging artifacts due to high density metal

objects such as hip implants or dental fillings.
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The megavoltage x-rays are more penetrating than kilovoltage. So, the
detectors must have a modified design for efficient beam detection. Often, MVCT
functionality is an integral part of the unit used for treatment, and imaging is
performed in the treatment position during fractionated image guided
radiotherapy (to be discussed later). Consequently, electronic portal imaging
detectors (EPIDs) that are used to get portal radiographs have been used as
detectors for cone beam MVCT applications.'>* The state of the art, sensitive
EPIDs, contain a thin copper plate below which a scintillator plate (e.g.
Gd20,S:Th) is overlaid on top of light sensing flat panel active matrix
photodiodes made of amorphous silicon.?>!%17" In a particular ionization gas type
detector array employed in the commercial TomoTherapy™ MVCT system, long
thin metal septa within the gas are focussed to a point different than the source
and hence serve as an energy converter to increase quantum efficiency.!® The
majority of interactions of the incident MV photon beam take place in the
tungsten septa plates, producing lower energy electrons and photons that ionize
the high pressure xenon gas. The charge produced in the gas is collected by
applying an electric potential to the alternate septa plates. In research MVCT
systems, solid state detectors containing segmented thicker and denser
scintillating crystals!®?? individually attached to photodiodes are used for this
purpose. The dead space between detector elements is often reduced by using
thinner septa. To control the spreading of optical photons generated within one
scintillator element to its neighbours, and hence to prevent the possible

degradation of spatial resolution, segmented detectors with highly reflecting septa
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are used.?? The overall spatial resolution of the imaging system depends on the
size of the x-ray source, the detector element size, the number of detector
elements in the array, along with other parameters such as the shape of the filter
function used in the filtered backprojection method. The spreading of the optical
light via scattering in non-segmented granular scintillators, such as Gd>0,S:Th, is
however a major limitation to spatial resolution if the scintillator’s thickness is
increased to improve the overall detector efficiency. The treatment beam’s source
size is usually bigger than that of the diagnostic x-ray tube’s focal spot and thus

also limits the spatial resolution achievable.
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Figure 1.1. Typical source spectrum of (a) a kVCT, and (b) an MVCT.

1.2 Uses of CT in radiotherapy

The outcome of a radiotherapy treatment in theory should depend upon the
accuracy by which the dose prescription is fulfilled. This means the accurate
amount of prescribed radiation dose needs to be delivered to the target volume
containing cancerous tissue in 3D. CT is an integral part of the radiotherapy

process and plays a vital role for a successful treatment outcome. There are three
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major processes in radiotherapy where CT images are extensively used: target

volume definition, dose calculation and image guidance before each delivery.

1.2.1 Target volume definition

After radiotherapy is chosen as the treatment modality, the very first step
in the treatment planning process is to determine the tumour location and its
extent. Radiotherapy is an agent for local/regional tumour control and hence
errors in target volume assessment can cause radiotherapy failure. The target
volume means a volume that includes the tumour which is demonstrated through
imaging means and its spread to surrounding tissues or lymphatics. There is no
imaging modality that is capable of revealing the entire extent of the tumour with
its microscopic spread. The visible tumour, as often seen through imaging, is a
part of the tumour volume called the gross tumour volume (GTV). The GTV plus
the invisible microscopic disease region that can only be estimated clinically is
called clinical target volume (CTV). Added to the uncertainty of microscopic
spread are the uncertainties of target volume localization in space and time
resulting from physiological organ motion, breathing, patient setup, and
positioning instabilities. The CTV with added margin for these uncertainties is
called the planning target volume (PTV), which needs to be encompassed within a
certain range of prescribed radiation dose (e.g. 90%-107%). In addition, there is a
further margin added to the PTV to account for limitations of the treatment units

such as beam penumbra or for contouring accuracy and the final volume inscribed
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by the open treatment beam portals: this results finally in the treatment volume
(TV).

Because of the importance of the accurate determination of PTV and its
localization, the International Commission on Radiation Units and Measurements
(ICRU) has set up a systematic approach for defining these volumes and margins
for the tumour® as well as for the organs at risk?* surrounding the tumour in
ICRU reports 50% and 62.2* ICRU 62 defines a margin for organ motion [internal
margin (IM)] and a margin for setup and positioning instabilities [setup margin
(SM)] separately. CTV with added IM and SM gives PTV. New from ICRU 50 is
the definition of organ at risk (OR) and planning organ at risk volume (PRV).
Figure 1.2 illustrates the schematic definitions of these volumes.

Diagnostic imaging for target volume definition is made in a dedicated
kVCT scanner that generates a 3D image volume. CT is used in target volume
definition as the primary modality due to its geometric accuracy and fast
scanning. Other modalities like magnetic resonance imaging (MRI), magnetic
resonance spectroscopy (MRS), positron emission tomography (PET), single
photon emission computed tomography (SPECT) etc. are often combined with CT
to help identify the clinical extent of tumours (i.e. CTV)®? because these
modalities can provide important spatial information about biologically relevant
characteristics of tumour such as regions of hypoxia, or high cell proliferation or
density. MRI has superb soft tissue contrast and the contrast is not affected in the
areas surrounded by thick bones where CT can have reduced contrast due to

elevated absorption of x-rays by bone. However, MRI is unable to image the bone
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itself, lacks electron density information, and cannot be readily used in patients
with metallic implants because of their magnetic properties (MRI unsafe) and
geometrical distortions they produce in the image. While a dedicated low-field
MRI system [e.g., Philips Ingenia MR-RT Oncology Configuration (Philips
Healthcare System, Cleveland, OH, USA)] with reduced geometrical distortion,
(i.e. low magnetic field inhomogeneity and high linearity of gradients) is currently
available as a primary imaging modality for radiotherapy planning, dedicated

diagnostic CT scanners remain more prevalent for this role.

TV

Figure 1.2. Illustration of definitions set by ICRU reports 50 and 62. The shapes are
arbitrarily drawn.

1.2.2 Dose calculation

All modern radiotherapy treatment planning systems use a fully 3D point
by point or voxel by voxel representation of the patient. A CT image set of the
treatment region constitutes the most accurate representation of the patient
applicable to the dose computation. This is because there is a fairly reliable one to

one correspondence between CT number and electron density.?® However, this
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correspondence is sensitive to the kilovoltage energy setting in each scanner and
needs to be calibrated routinely. The accuracy of CT numbers is typically within
+2% which corresponds to +20 HU and for a megavoltage treatment beam this
uncertainty leads to dose calculation uncertainty of <1%.2°

The dose deposited in tissue by a megavoltage beam is proportional to
electron density, because of the predominance of the Compton process.
Traditionally, one can compute the dose just by replacing the patient anatomy
with water, as there is only a small variation in electron densities among major
soft tissue types from water. However, there can be a large variation in dose in the
presence of significant media change both in terms of density as well as effective
atomic number, such as that occurs in lung, air cavities, bone and metallic
implants. Further, the contour of a patient is not like a flat slab of water and
therefore doses measured in a water tank need contour correction. Heterogeneity
correction can result in -10% to +30% changes in dose distal to lung depending on
the size of the field and the lung thickness.*® This indicates how important it is to
have correct CT numbers in the image. The pixel by pixel heterogeneity
corrections including the contour correction are made using electron density
information (as in superposition-convolution type algorithms) or both electron
density and atomic number (as in Monte-Carlo based algorithms).

In routine clinical practice, kVCT images are used for radiotherapy dose
calculation. However, due to the benefits outlined in section (1.1.3), MVCT could
be more accurate and suitable for dose calculation; especially in case of patients

with metallic implants.
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1.2.3 Image guidance

Treatment techniques such as 3D-conformal radiotherapy (3D-CRT),
intensity modulated radiotherapy (IMRT), and proton therapy involve planned
dose distributions that have sharp dose gradients between the target and
surrounding tissues. There can be substantial inter- and intra-fractional variations
in shape, volume and position of these tissues due to various reasons such as:
positioning errors, respiratory motion, non-rigidity of body, weight loss or
shrinkage in tumour after radiation delivery. To guide the radiotherapy process
with reduced PTV margins and reduced normal tissue toxicity, frequent imaging
in the treatment room is used. This technique is called image guided radiotherapy
(IGRT).

Various technologies have been used to image the patient to evaluate and
minimise the systematic errors in daily patient set-up on the treatment couch. Two
dimensional (2D) projection radiographic imaging using the MV treatment beam
and retractable EPIDs®3* mounted on the same gantry is a common practice
which is also used to verify the shape of the treatment beam portals®-3. These
images are compared with the digitally reconstructed radiographs (DRR) created
using a CT simulator, a dedicated radiation therapy CT scanner with accessories
such as a flat couch top, laser light for positioning, immobilization devices and
image registration software to reproduce the treatment conditions. MV imaging is
a low cost method for direct in-field verification of treatment delivery®’ but it

includes high imaging dose (typically 1 to 5 cGy) and has poor image quality.
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More recently, a separate kV source and flat panel detector mounted orthogonal to
the therapy beam in a linac has been used. These on-board imagers (OBIs) help
enhance bone contrast at low imaging dose although it adds complexity and cost.

Three dimensional volumetric imaging in IGRT is provided by both fan
and cone beam CT in the kV and MV energy range. Unlike radiographs, CT
images provide volumetric anatomy information and an electron density map with
increased contrast in the treatment room coordinates. These in-room CT images
taken just before the treatment may allow for, in principle, image guided adaptive
radiotherapy by modifying the treatment parameters to adapt to changes in the
patient’s anatomy before each treatment or during the course of radiotherapy.

For CT guided radiotherapy, the first integrated clinical system combining
a linac and in-treatment-room conventional CT unit was developed by Uematsu et
al. in Japan.® In this system, by using a common sliding couch top, a CT scanner
couch and a linac table could be aligned for smooth patient transfer to the linac
immediately after CT image acquisition. The first commercial CT-linac system in
the USA installed in 2000 consists of a Siemens medical linac and a movable
Siemens CT scanner that can slide along a pair of rails: the so called
CT-on-Rails.® These systems require a larger room and are more expensive.

The TomoTherapy™ Hi-Art Il system has an integrated helical MVCT
scanner with a linac waveguide!™*® detuned to provide a 3.5 MV*° photon beam
for imaging in a linac that would otherwise produce a 6 MV treatment beam. This
system does not contain a flattening filter and is designed for IMRT

treatments.!**3 Low dose (1-3 cGy) pre-treatment images can be reconstructed
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using 540 channels out of 738 xenon gas detectors in the 40 cm wide field of
view.%? In spite of poor MVCT image quality, these relatively low dose images
provide sufficient contrast to enable daily patient set up verification with respect
to the treatment beam coordinates.®®*> These images could be sufficient to
delineate many anatomic structures and are reliable for dose verification04243,
The system is useful for providing IGRT for patients with metallic implants.

Using large area sensitive flat panel imagers®>1’ optimised for MV photon
detection and the MV treatment beam, volumetric cone beam CT images can be
reconstructed using the portal images (projections) obtained by rotating gantry
around the patient, and a cone beam reconstruction algorithm* which is
essentially the filtered backprojection algorithm. These megavoltage cone beam
CT (MVCBCT) images suffer from a large amount of scattered photons reaching
the wide-side detectors (EPIDs) but have better image quality compared to the
projection radiographs which contain the overlaid anatomical information. Both
TomoTherapy™ MVCT and MVCBCT have advantages vs. KVCT in application
for patients with implanted metal objects.*>“® Further, the physics of the therapy
beam is well understood in the patient geometry. The additional dose due to
MVCBCT imaging can be accurately calculated and could be included as a part of
the treatment plan.*>6

Similarly, using these sensitive EPIDs in an OBI, kilovoltage cone beam
CT (KVCBCT) images can be obtained which have better soft tissue contrast.*’#
The advantage of these systems is that they are multifunctional: radiographs or

volumetric tomographic images or fluoroscopic images can be obtained using a
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single imaging unit mounted in therapy room coordinates having the same
isocenter. This gives flexibility in a variety of clinical applications. Although a
significant x-ray scatter contribution exists in kVCBCT, it can be reduced by
using post-processing*® as done in the Electa system (Electa Synergy, Electa Inc.,
Sweden) or by using an anti-scatter grid. 4

In the thoracic and abdominal regions, 3D CT images reconstructed at
various respiratory phases can be used to provide images to obtain a motion
trajectory using 4D CT systems. However, the pre-treatment 4D images obtained
using 4D kVCBCT are poor in quality and can’t be used for real-time motion
tracking because they are retrospectively gated. Besides CT, ultrasound, radio-
frequency (RF) and optical tracking have been used for image guidance and are
non-ionising methods of imaging. Ultrasound can give non invasive image
guidance but the image quality is usually poor compared to CT except at certain
sites such as prostate® and the image quality can depend upon the skills of the
user®®2, Ultrasound use is limited to the areas accessible to the probe. RF®
tracking works using a radiofrequency transponder implanted within or near the
tumour in the patient and an array of external antennae that track the position and
motion of the tumour. Optical tracking® uses an infrared camera and reflecting
markers placed on the patient surface to track the breathing motion pattern as a
surrogate of the tumour motion. Both of these methods are similar to using
fiducial markers, which are opaque to x-rays, as the tumour surrogates. They
provide non-volumetric, indirect, limited, and sometimes uncorrelated

information of tumour motion with no information about the shape of the tumour
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and organs at risk. For real time tumour guidance using MRI, active research is
being carried out to integrate an MRI with a linac in our department here at Cross

Cancer Institute.>®

1.3 Metal artifacts in CT and their physical basis

Theoretically, any discrepancies between the reconstructed values of
attenuation coefficients in CT images from their corresponding true values that
are clinically significant in terms of their use in diagnostic radiology, radiation
oncology and other areas are referred to as the image artifacts. Image artifacts are
created due to many factors such as the nature of the physics at different photon
energies, suboptimal system design, patient characteristics, limitations of the
technologies, and inappropriate or suboptimal use of the scanner by the operator.

High density-high atomic number metallic objects can be used inside or on the
surface of the body such as implants and applicators used in brachytherapy,
cochlear simulators and receivers,®® implantable orthopaedic appliances like
screws and pins, surgical clips and staples,®’® angiographic stents,>® bolus rings,
hip implants, and dental fillings or equipment attached to the patient’s body such
as biopsy needles.®® They attenuate the x-ray beam much more significantly than
human tissues due to both Compton and photoelectric effects and create black and
white streaks, shadings, blurring etc. leading to the creation of false or missing
anatomical structures or obstruction of proper visualization of the structures.®* For

a metal implant, the photoelectric effect significantly attenuates the radiation
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beam even at the higher end of the diagnostic energy range. These artifacts are
called metal artifacts in CT. Figure 1.3 shows these artifacts in a KVCT image.
Generally, these artifacts can degrade the diagnostic information in the image
and jeopardise the clinician’s ability to correctly diagnose diseases, infections,
and fractures, and to even assess the functionality of the implants themselves. The
severity of metal artifacts in CT depends on the shape, size, composition and
density of the metals. For example small screws and pins of titanium create less
metal artifacts compared to those created by steel and bigger implants like hip
prosthetics.®? Metal artifacts become more severe in case of multiple metal

implants like bilateral hip prosthetics and multiple dental fillings.

Figure 1.3. Diagnostic KVCT image of a patient reconstructed using FBP method showing
the detrimental effects (streaking, shading etc.) of bilateral hip prosthetics.

In cancer patients, metal artifacts pose a problem in the proper diagnosis of
tumours. In radiotherapy treatment planning, the delineation of organs at risk and
the PTV becomes difficult in the presence of these artifacts. This might lead to
missed tumour cells and/or more damage to healthy cells. If the electron density
map obtained from a CT image is incorrect due to metal artifacts, the dose

calculated using the degraded image can be erroneous.%®%* Often, treatment beams
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are aimed to avoid the metals mainly because of the lack of correct CT numbers
for the metal itself and the tissues in its shadow, which are vital for
inhomogeneity correction factor calculation. This constraint often results in
increased dose to organs at risk and may yield a poor treatment outcome.
According to the American Association of Physicists in Medicine (AAPM) task
group report #63, 1%-4% of cancer patients’ diagnosis/treatment can be
adversely affected by the presence of metallic implants such as hip prosthetics,
dental fillings and others.®* Hip prosthetics and dental filings affect the treatment
of prostate and head & neck cancer patients respectively.

Computer simulations and experimental studies have suggested that a metal
object can produce excessive beam hardening,®® scatter dominated
measurement,®6-% noise,% 70 partial volume effect,’*"" photon starvation, aliasing,
distinctly altered detector energy response in the shadow of an implant, and
overflow of the dynamic range in the reconstruction process.®® But, the most
important causes of metal artifacts in KVCT are noise, photon starvation, beam
hardening, partial volume effect, and scatter.%® Diagnostic CT scanners use the
fast and efficient filtered back projection (FBP) method for image reconstruction.
However the aforementioned causes of artifacts severely violate linearity of the
projection-backprojection operation inherently assumed in the FBP method,
thereby leading to artifacts.

Below, the important factors that create metal artifacts are briefly described.
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1.3.1 Beam hardening

When a polychromatic beam passes through a uniform object, low energy
photons are preferentially absorbed compared to higher energy photons. The mean
energy of the beam increases and the beam is more penetrating (lower attenuation
coefficient). Therefore, the attenuation of the beam per unit path travelled through
a cylindrical object changes from center (lower) to edge (higher) and creates a
cupping appearance: the cupping artifact. The generally accepted beam hardening
correction methods are based on a presumed body composition of either water or
water-bone and they correct the non-linear behaviour of attenuation vs tissue
thickness using calibration procedures designed under such assumptions.
However, in the presence of the metals, the non-linear behaviour of attenuation
profile as a function of thickness is significantly different from the bone-water
like materials present in the calibration procedure. This is because the attenuation
vs. photon energy is drastically different in metals compared to bone and water.
This issue is further complicated due to the unknown size, shape and location of
the metal. Any attempt to design a beam hardening calibration technique that
includes presumed bone-water-metal composition is hampered by other
non-linearities such as detector energy response and partial volume effect.?’ The
general nature of metal-induced beam hardening artifacts is shading (i.e., lower
attenuation coefficient value in the image) in the direction of higher attenuation,
in addition to the cupping artifact.®® The beam hardening is more severe for a
kilovoltage (keV) spectrum compared to megavoltage (MeV) because the

attenuation coefficient for all the materials has a much stronger energy
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dependence in the keV range than in the MeV range. In most diagnostic scanners,
the water or water-bone type of correction is automatically applied to the
projection data for every patient. The response of the detectors changes with the
energy of the incident photon. The general calibration assuming the presence of
water or water-bone is therefore violated when the beam is hardened significantly
due to the presence of metals. This mismatch can produce additional artifacts like

bands, rings or additional shadings.

1.3.2 Noise and photon starvation

Noise in the image is inversely dependent upon the number of x-ray
photons which reach and get measured at the detector. This is the characteristic
quantum noise which comes from the statistics of photon production and
interaction within the patient body and detectors, although it also encompasses the
electronic noise of the detection system. In the presence of highly attenuating
metallic objects, the signal output by the detector is very low approaching zero
and the projection noise increases quickly and is further magnified by the
derivative nature of the filtering step. The backprojection process maps these
highly fluctuating signals to bright and dark lines in the image to form severe
streaks. Also, the effects of beam hardening and scatter have been found to
exacerbate the artifacts created by noise.®® Multiple and thicker metals can nearly
block the x-rays completely and create the condition of photon starvation. In such
a situation the projection value can provide no information about the attenuating

object in transmission tomography and an incorrect data is backprojected. This
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results in an incorrect CT number being assigned to high density materials. A

solid metallic prosthesis appears hollow due to photon starvation effect.5*

1.3.3 Scatter

In biological tissues, including water in the diagnostic energy range the
majority of x-ray photons interact via Compton scattering. Compton scattered
photons in the keV range have a very wide angular distribution and some of them
can reach the detector even with a sophisticated collimation design.®® The
scattered photons make the detected signal deviate from the true transmission
measurement and their contribution is similar to noise. In the shadow of metal, the
scatter can dominate the measured transmission signal which causes significantly
non-linear error in the projection data which is obtained after the logarithmic
operation as defined in section (1.1) [In other words, Eg. (1.1) now becomes
I=loexp(-uL)+S, where S is a scatter contribution to the measured transmission
signal. The measured projection data In(lo/I) now does not provide the true
projection pL as expected from Eg. (1.1)]. The metal artifacts due to scatter are
similar to those associated with beam hardening such as cupping and black
shading in the direction of higher attenuation. In addition, white streaks bordering
the dark shadings are also possible.®*®® Even a small contribution of scattered
radiation can cause significant degradation of the image and it becomes worse in

the presence of noise.®
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1.3.4 Partial volume effect

The finite size of the focal spot of an x-ray source and the width of real
detectors make the beam profiles seen by each detector different from that for a
pencil beam (theoretical x-ray beam with infinitesimal width). Thus the measured
detector signal represents the attenuation of the incident beam by tissue present in
this finite-sized beam instead of in a true pencil beam as assumed in the FBP
method. The detector measures the transmitted beam averaged over its
dimensions, both in the scanning plane and in the direction perpendicular to the
scanning plane. For an image reconstruction in FBP method we obtain projection
data from the measured transmission signal, using natural log (i.e., In), as
discussed in section (1.1). In general, the total beam attenuation by the objects
occupying a finite size beam cannot be estimated by taking the log of the total
measured transmission signal if the beam attenuations along the cohort of
ray-lines within the beam are significantly different from each other.
Mathematically, if lo(t), and I(t) represent incident and transmitted intensities for
a ray in a beam of finite width (here ‘t’ represents position of a ray along the
width of the beam) then the measured attenuation for the finite size of the beam,
which is proportional to In (3 Io(t) / > I(t)), is not in general equal to the actual
attenuation that is proportional to YIn [lo(t) / I(t)]. This is simply due to the
mathematical nature of log operation: the log of sum of variables is not always
equal to the sum of log of variables. The resulting error is significantly large if a
highly attenuating object such as a piece of metal partially intrudes into the

scanning plane. Thus, for metals partially intruding into the beam, the log of total
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transmission over the beam dimension has non-linear relationship with the true
total attenuation. This, in addition to shifting of reconstructed pixels towards
lower values, creates streaks and shadings in the image.”>’? This is called the
partial volume effect. More mathematical explanations for CT number shift and
streaking can be found elsewhere.”"? In the axial partial volume effect (i.e.,
perpendicular to scanning plane or slice plane), the shading produced between the
metallic objects in trans-axial image could be either bright or dark.”? In the
trans-axial partial volume effect, the averaging occurs over the beam width in the
slice plane. This partial volume effect is commonly termed the exponential edge
gradient effect” or edge-induced streaking artifact’* in the literature because it
manifests as dark streaks tangent to sharp edges (sharp in terms of attenuation
value). The black shading between multiple metallic objects also shows white
streak-like borders. Also, black shadings can extend out of these objects in a
perpendicular direction to the line joining the metals. Additional streaks originate

in and extend out of metal objects.”

1.3.5 Motion

Motion artifacts in CT are not limited to metallic objects only. However,
because of the large inconsistencies in the projections due to the higher
attenuation coefficient of metal, motion artifacts can be more severe.” The
appearance (shape, extent etc) of motion artifacts changes with the type of
motion. Black shadings with white streaks and blurring around metallic objects

are common.%®
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1.3.6 Aliasing

Aliasing artifacts in CT result from both detector and view (or radial and
angular) undersampling. The appearances are quite common in the form of
alternating bands of straight or circular streak patterns while scanning sharp
objects. The detector undersampling creates the streaks originating from the sharp
objects whereas in view undersampling streaks appear at some distance from the
object.5%% Though aliasing depends upon several other factors, it may be
exacerbated due to the introduction of high density materials because of the sharp
jump in the measured signal at the boundaries, which create higher spatial

frequencies in the projection value spectrum.

1.3.7 Others

For reconstruction speed, digital signal processing (DSP) chips are often
employed in the image reconstruction engine. When multiple highly attenuating
metal implants are present in the scanned object the magnitude of projection data
is so high that the dynamic range of the DSP chips can be exceeded after the
filtering (i.e. derivative operator) step. As a result the filtered projection data are
numerically ceiled and cause additional image artifacts.’® Moreover, there is
truncation of CT numbers at 4,096 Hounsfield units in the image produced by
present day commercial CT scanners due to their 12-bit storage capacity. Most
metallic implants are in the range of 3,000 to 60,000 Hounsfield Units for a

typical kVCT beam but strongly depend on the mean beam energy. The cutoff of
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very high CT values produces blurring and distortion of the contours of metallic
implants on the images.”® The electron density information obtained from the CT

numbers of metallic objects in such an image is incorrect.

1.4 Metal artifact reduction (MAR) methods
1.4.1 Simple technical considerations

The range of CT numbers in CT images containing metal is very large. So the
use of different window and level settings helps in viewing different tissue
structures better. The use of an extended CT scale (> 12 bit) can reduce the visual
blurring and distortion in the metal artifacts created from CT number truncation.’
A change in imaging parameters such as higher peak voltage (e.g., 140 kVp
instead of 120 kVp) or beam pre-filtering (i.e. pre-hardening) can help reduce
beam hardening and increase the likelihood that photons will penetrate the
metal.”” However, there may be no improvement in case of bigger and denser
metallic implants.”® Photon starvation and the issue of noise could be addressed,
although with marginal improvement, by using increased tube charge (mAs)’’ but
this increases patient dose. The axial partial volume effect can be reduced using
thinner slices. But, too thin a slice results in decreased signal to noise ratio (SNR).
In multi row detector CT, several thin slices acquired together can be averaged to
increase the SNR. But, the averaging should be done after taking the log operation
[i.e., the averaging should be done in projection data, not in the transmitted
signal].%’ The use of standard or smooth reconstruction filter may help reducing in

metal artifacts.%?
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At best, the above technical considerations can be optimized on a case by case
basis but do not provide a workable solution for most clinical applications. So a
systematic approach is needed to address the issue of metal artifacts. Various
metal artifact reduction (MAR) techniques can be found in the literature but there
are no commercially available techniques that can provide a systematic solution to
metal artifacts in CT. Some of the published MAR techniques in literatures are

reviewed here.

1.4.2 Correction methods with FBP image reconstruction

The MAR methods in this category assume that the metal artifacts arise
due to missing or incorrect projection data; the gaps in the transmission sinogram
arise from near complete attenuation of the x-ray photons passing through the
metallic objects. The strategy of the method is to detect such missing projection
data in the sinogram and then fill in the so-called ‘gaps’ with estimated projection

data.

1.4.2a Image based correction methods

Image based correction methods segment the metal objects in FBP
reconstructed images and create a synthetic sinogram of the metal-only image
from knowledge of the CT scanner geometry. This synthetic sinogram is used to
make a mask in the measured sinogram. That is why these methods are often
called image-based correction methods. This is the segmentation step. Now the

masked region needs to be filled by appropriate projection data for lower



1 : Background 30

attenuation material. Thus, information regarding the actual attenuation of the
metal is sacrificed to gain visual clarity in the image. Usually the replacement is
based on neighbouring projection samples that do not contain metal implants.
This is the interpolation step.

Kalender et al.” and Klotz et al.®° have suggested manual segmentation of
metal parts in FBP images and a linear interpolation in each view to fill the gap.
This method reduces the severe streak artifacts. This is because the projection data
that does not support the linearity assumption of FBP is replaced by pseudo-data
which also avoids the problems related to noise and scatter. The method in
reference (79) is the first known metal artifact reduction technique temporarily
implemented in a commercial scanner (in the Siemens SOMATOM from 1987 to
1990). Many correction methods use this method as a benchmark for
comparison,53- 8185

There are some obvious difficulties in the implementation of these MAR
methods. The forward projection of segmented metal regions into the projection
space requires the knowledge of the proprietary scanner geometry. Bright streak
artifacts in the image and poor contrast in the projection data pose a problem in
accurate segmentation of metal objects. Some authors have used adaptive filtering
in the segmentation step to smooth bright streaks in the image and reduce
segmentation error.®®% The masked region in the sinogram contains the
information of other tissues present in the object which is lost via interpolation
since neighbouring detector data in a single view usually contain no information

regarding tissue that contributed to the detector data corrupted by metal. This can
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introduce secondary artifacts into the corrected image or mislead radiologists by
creating spurious structures.®? The diagnostically important soft tissue structures
very close to large metallic objects can be totally lost.®™ 8 Several interpolation
schemes such as b-spline, cubic spline, polynomial, and wavelet transform have
been tried but none of them perform correct and reliable interpolation.

Some authors®’ have used more unaffected projection data in a local 2D
window centered on the missing projection and calculated the missing data as the
sum of the weighted nearest unaffected projection values. The weights are based
on the distances in the sinogram space. This method has been evaluated by
radiologists® in real patients with hip implants and orthopaedic hardware. It is
found that the algorithm significantly reduces streaking and shading but
introduces blurring and secondary shading artifacts which reduce the image
quality. Yazdi et al®® have used another interpolation scheme where for each
projection edge in a view angle in the masked sinogram, the corresponding edge
on the other side of the mask is found by simultaneously minimising the distance
and difference in attenuation values respectively. The edges are then joined using
linear interpolation. This approach helps reduce the destruction of projections
from some of the structures that cross the mask and hence recovers the anatomical
structures adjacent to the metal implant. This method, however, cannot guarantee
correct interpolation when there are multiple tissues, metal objects and structures
(heterogeneities) present in the image.

Bal and Spies® have introduced a novel approach of using tissue class

modelling. Clustering in the adaptively filtered image is used to segment so-called
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‘classes’ such as air, soft tissue, bone, and metal. The metallic region is then
substituted by the CT number of surrounding material. The forward projection of
this image gives a model sinogram. The metallic part of the model sinogram is
then added in the masked sinogram and filtered-backprojected to get the final
image. This method gives good results for low and moderate levels of metal
artifacts but gives very inaccurate results due to incorrect tissue class modelling
inherent in severe metal artifact regions, such as in the case of bilateral hip
prostheses.

The effect of a MAR method in dose calculation has been evaluated by
Bazalova et al.® using the EGSnrc/DOSXYZnrc Monte Carlo (MC) code. They
used the method of Yazdi et al. but with cubic spline interpolation instead of
linear. An extended calibration used to include metal in a MC dose calculation for
phantoms showed great reduction (less than 2% from up to 25%) in dose
calculation error when artifact corrected images were used. Patient dose volume
histograms (DVHSs) of a hypothetical target compared with DVHs for the original
uncorrected images show significant differences and suggest the requirement of

image correction if MC is used for dose calculation.

1.4.2b Projection space based correction methods

Methods have been investigated that are designed to segment metal
objects directly from the sinogram space. The reduced contrast and superposition
of various structures of an object in projection data make it more difficult to

segment metallic regions directly in a sinogram. Hence a very few studies have
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been made in this class of correction methods. A very sophisticated approach
using image processing is required to segment the metallic region in a sinogram.
Zhang et al.®% in their work segment and mask metallic objects in 2D projection
image of a cone beam CT volume at each view angle before interpolating from
surrounding data. Likewise Yu et al.®® segment metals in reformatted projections
in a multi-slice helical CT data. The reformatted projection is formed by
combining the projection data for all detector rows at the same view angle (every
2w radians apart) over the full longitudinal scan range after the pitch correction.
Both the 2D projection image and the reformatted projection image* contain the
whole metallic body which is segmented using intensity thresholding.

For the interpolation of data in a masked 2D projection image,
Zhang et al. have used a variational method of solving the Laplace equation with
Dirichlet boundary conditions to fill the masked region by the neighbourhood
data. This method is often called the Laplacian diffusion method. However,
Yu et al. used 2D interpolation based on a Delaunay triangulation®® of the data
(using a MatLab™ [The MathWorks Inc., Natick, MA, USA] function) to
accommodate the irregular shapes of the metal implants in reformatted
projections.

Recently, direct segmentation of metallic regions in the sinogram has been
introduced by Veldkamp et al.2 They have used the Markov random field model
(MRF) in combination with Bayesian statistical techniques to segment metal

projections. Three interpolation schemes: linear similar to Kalender,”® Laplacian

* A cone beam view or reformatted image is a 2D projection of the 3D image much like a
radiographic x-ray image.
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diffusion as used by Zhang,® and shortest distance interpolation of Yazdi®® are
used and the results are compared. Also a comparison has been made with the
image-based segmentation method of Kalender et al.

Both the methods of Zhang and Yu were able to improve the soft tissue
contrast near the metal objects. However, they can always introduce secondary
artifacts. The results of Veldkamp were not significantly different from the
image-based correction method of Kalender. This suggests the inherent
difficulties of direct segmentation in the raw sinogram. These methods are faster
compared to image-based correction methods because they do not require the
forward projection of the metal-only region step necessary to make a mask for
each view angle. Studies with clinical data using the Wilcoxon signed rank test in
the pelvic region in the presence of a unilateral prosthesis have shown improved
image quality for two of the methods.®** However, they will have limited
performance and reliability for metal artifact correction similar to the image-based
correction methods.

The effectiveness of the FBP-based artifact correction methods, as
assessed by the visual quality of the image and the correctness of the CT numbers
of the structures and metal objects in the image, largely depends upon the
correctness of the segmentation and interpolation steps. These steps are very
sensitive and error-prone when multiple dense metallic objects are present in the
image. In such a case, even after correction, often the CT numbers corresponding
to metal and structures in the shadow of metals exhibit large deviations from their

true values because no information about the attenuating object is obtained at the
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detectors due to photon starvation. So, the FBP based MAR methods that use a
segmentation/interpolation scheme are not reliable and cannot give correct

information about metal objects in KVCT images.

1.4.3 Model based correction methods

Model based methods assume that all the artifacts in CT including metal
artifacts arise from discrepancies between the actual detector signal formation
process and the model assumed by the reconstruction algorithm. We have listed
almost all possible physical processes that contribute to metal artifacts in the
previous section. Inclusion of some or all of these processes in the detector signal
formation model can be expected to minimise or eliminate the metal artifacts.

In a very simplistic, discrete data acquisition model the expected detector

signal (§,) in an i™ projection in transmission tomography can be expressed as,

. J 1.3
Vi =b, .exp(—§ ,Iijﬂj)
=

where b is the detector signal in a blank scan (without an object in the beam
path), ljj is the effective intersection length of projection line i with image pixel j,
and ; is the linear attenuation coefficient of the pixel intercepted by the line
joining the detector and x-ray source. This equation assumes that the x-ray beam
corresponding to each detector is a pencil beam, each pixel can be represented by
a single attenuation coefficient (i.e., no beam hardening, meaning mono-energetic
photons) and scatter radiation is not a part of the detector signal. Additionally, the
measured detector signal is assumed to be free of noise. In reality, the measured

detector signals yi deviate from the expected values of the model due to statistical
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fluctuations and the other physical processes mentioned above. Inverting the
above equation for pj and solving the set of equations using a transform method
results in the FBP method. In iterative methods (designed either to include a more
realistic detector signal model or to solve for p from a limited number of

projections), the deviation of y; from ¥, is taken into account, usually by using a
statistical model that describes yi as a function of §, (Poisson distribution). The

reconstruction problem is solved in two steps. Firstly, an objective function is
defined, and secondly, the objective function is optimized. This optimization step
basically gives less weight to low count detector read-outs, making the algorithm
inherently robust against other sources of artifacts that are most prominent in the
directions of low counts (such as beam hardening, noise, scatter and partial

volume effect). Many different objective functions such as minimum least square

|
error, log-likelihood [ (y;In(¥;,)- ;)1 etc., and different ways to optimize

i=1

these objective functions exist. The optimization gives an iterative update scheme
that starts from an initial image which is often uniform or a FBP image. The
calculated sinogram from the initial image is compared to the measured sinogram.
The sinogram difference is transferred back to the image domain and modifies the
current reconstruction. The process is repeated a number of times until a good
reconstruction is obtained."

Out of several iterative MAR methods®*®, alternative maximization
(AM)®® and maximum likelihood in transmission tomography (ML-TR)% are of

particular interest. These two methods can include models for a polychromatic
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x-ray beam, scatter, and noise. In phantom studies, Williamson et al** have found
that the AM algorithm dramatically improves the metal artifacts but, a few black
and white streaks connecting high density metals still exist. Their complete
removal is possible only if prior information of the attenuation map and the
location of metal objects are known, which is impractical in the clinic.

In ML-TR algorithm log-likelihood is expanded in a truncated Taylor
series and then optimised using a gradient descent approach where Eq. (1.3) is
used for detector signal modeling (monochromatic). The reconstructed image
using the ML-TR algorithm becomes coarser as the iteration number increases, in
particular when the projection data are very noisy (which is the case in presence
of metallic objects). Inclusion of a prior function (a probability distribution
function that assumes a prior information about the image, i. e., it is a function of
), commonly called the Gibb’s prior,”® modifies the objective function of ML-TR
to give a maximum a posteriori (MAP) type algorithm. Phantom and simulation
studies have suggested that the MAP algorithm reduces metal artifacts compared
to ML-TR but significant streaks and black dots close to metal objects still remain
in the image. ML-TR has been extended to the iterative maximum likelihood
polychromatic algorithm for CT (IMPACT)® by incorporating a polychromatic
x-ray beam model. A modified version of this algorithm is adapted for MVCT in
this thesis and it is described in detail in the next chapter.

Out of several iterative MAR methods, the most practical algorithm is the
IMPACT method®” in which a clinically appropriate polychromatic x-ray beam

model is used. IMPACT has been found to remove the beam hardening effect and
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other artifacts caused by relatively less dense metals such as aluminum.®’
Titanium and steels are the most commonly found metals in hip prosthetheses.
However, not all the metal artifacts are removed from CT images obtained using a
140 kVp beam when several denser metals like titanium and steels are present. %
This is most probably due to photon starvation in the kVCT beam and the partial

volume effect.

1.4.4 Mixed correction method

Iterative methods are more reliable, capable of including the physical
processes into the model but are computationally extensive whereas FBP is very
fast. Combining these two methods could be complementary to each other. One
such a combination is suggested by Lemmens et al.®® The method is called
MAP-based projection completion (MAPPC). The algorithm creates an
artifact-free constrained image using MAP and completes projections based on
this constrained image. The final image can be reconstructed using completed
projections (sinogram) and the FBP method.

The final results in a clinical setting for multiple dental fillings and
bilateral hip prosthetics show improved results. This algorithm better restores the
information close to the metals, at least in reported experiments. However, light
shadings can still be observed in the images. Also, the use of heavy constraints in
MAP to ensure no black spots around metal objects decreases both the spatial and

contrast resolution in the final image. The algorithm does not assign the correct
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CT number to metal. As the sinogram is corrected, this method also can fail to

reconstruct proximal anatomy and introduce secondary artifacts.

1.5 Motivation and goals
The following points suggest the need for further research into the existing

MAR methods:

1. The existing FBP based methods are not reliable since they can introduce
secondary artifacts and spurious structures in the image. They can miss a part of
the anatomical information of other tissues, usually close to the metal 8182 in the
process of removal of the information pertaining to metal objects in the image.
They also lose information about the metal itself. If the information about the
metal is restored from the uncorrected image, the CT number of the metal and
its structure (shape, hollowness) is incorrect due to photon starvation.

2. The evaluation of FBP-based MAR methods® for diagnostic purposes
suggests that they are case specific and non-reliable. There is only one
evaluation study® of a FBP method for radiotherapy dose calculation error and
is done using the Monte Carlo method.

3. At the time of writing this thesis there exists only one commercial method
available in the clinic, the Orthopaedic metal artifact reduction (OMAR)
algorithm in the Phillips Big Bore™ kVCT scanner.!® There are at least two
studies published®1%2 evaluating this algorithm for radiotherapy treatment
planning. One of these studies'®® is limited to the evaluation of IMRT plans

where beams are constrained not to pass through the prostheses. The other
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study’%? evaluates the effect of bit depth change, from 12 to 16, as well as the
effect of artifact correction on the radiotherapy dose distribution. This
commercial method does not correct artifact inside metal objects. The effect of
artifact correction inside metal and its impact in radiotherapy has not been fully
explored. No other study has been published that evaluates the radiotherapy
dose calculation accuracy of MAR techniques in commercial treatment planning
systems that incorporate model based dose calculation methods such as those
based on pencil beams and point-dose spread arrays or others such as
superposition/convolution based methods.

4. Model based methods are reliable but require longer computation time and
huge memory if most causes of metal artifacts are to be modelled. It is generally
not easy to model all the causes except for beam hardening. These methods also
suffer from the photon starvation effect and cannot provide complete removal of
metal artifacts in kVCT.

5. To overcome the problem of photon starvation, one can use MVCT though it
suffers from poor soft tissue contrast and limited spatial resolution. The
megavoltage x-ray beam is more penetrating than a kilovoltage beam, so that
the effects of beam hardening, noise, photon starvation and possibly scatter
could be reduced. The lesser variation of the attenuation coefficient between
metals and soft tissues in the higher energy range could help minimise the
partial volume effect and aliasing.

6. Megavoltage CT has been used in the clinic for daily patient set up in image

guided radiotherapy. Recent development of an MVCT scanner using better
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detector design with increased detective quantum efficiency (DQE) leading to
reduced patient dose can be promising for this purpose.'®?2 This system, even
without any corrections, suppresses metal artifacts dramatically and only leaves
faint shadows connecting dense metals suggesting that beam hardening is the
main contributor to the artifact. The use of model based methods like IMPACT
for MVCT with faster implementation strategies could be practical for
radiotherapy treatment planning purposes where imaging and treatment times
are several hours apart.

7. There is not a single MAR method proposed that could potentially use
information from both kVCT and MVCT. If this could be done then correct
attenuation information from MVCT images and the better soft tissue contrast
of kVCT images could be amalgamated, and the complementary benefits of

these two modalities would make the algorithm robust and reliable.

In light of the motivations described above we set the following goals for the
proposed research:
1. To reduce the metal induced artifacts in CT images and minimize secondary
artifacts so that the tissue structures can be seen clearly and outlined correctly.
2. To reconstruct CT images where the CT numbers corresponding to metal and
surrounding tissue are accurate so that the images can be used for accurate
dose calculation in radiation therapy.
3. To evaluate the dose calculation accuracy in the artifact reduced image using

commercial treatment planning systems.



: Background 42

To meet these goals we plan the following new studies.

. At first we apply a model based correction method, such as an IMPACT, to
MVCT images created by two different MVCT scanners. This requires
necessary extension of the model to include pair/triplet production, and
detector calibration for energy dependence. We evaluate the image
improvement.

. Then we use artifact corrected MVCT images with necessary MVVCT number
to electron density conversion to evaluate the correctness of the estimated
electron density for a range of materials representing tissues found inside the
human body.

. We explore the possibility of using the model to represent the energy
dependence of detectors in kKVCT, as is done for MVCT in study number 1,
and apply IMPACT to correct KVCT images. We evaluate this approach.

. We use an artifact corrected MVCT image as a prior to correct a
corresponding kVCT image. We evaluate the artifact corrected kVCT image
for use in radiotherapy treatment planning and compare it with the commercial
OMAR correction method. We use phantoms for this purpose.

Finally, for clinical patient images, we use an MVCT image as the prior
image, as in study number 4, to correct a KVCT image and evaluate the

corrected image.



1 : Background 43

From these studies it is expected to invent new correction strategies for metal
artifact reduction in CT images, and explore the effect of these corrections in
radiotherapy treatment planning together with the commercial correction method.
The study of artifact correction in KVCT with an MVCT prior image is expected
to give a significant contribution not only to radiotherapy but also to the general
diagnostic imaging community by providing a better solution to metal artifact

reduction in CT.

1.6 Outline of the thesis

The breakdown of chapters in this thesis is as follows. The IMPACT
algorithm extended to MVCT (modified IMPACT) and the evaluation of the
corrected images (study numbers 1 and 2) are presented in chapter 2. Tissue
characterization phantoms are used with two MVCT systems: the commercial
TomoTherapy Hi-Art 1I™ system, and an in house bench-top!®2? system.
Chapter 3 (study number 3) explores the success/failure of extending the modified
IMPACT algorithm to kVCT for metal artifact reduction. Chapter 4 consists of
the phantom study (study number 4) with the strategy of using MVCT prior
information in kVCT. Chapter five evaluates the correction scheme of chapter 4 in
patient images. Finally, chapter six contains the summary of the thesis with

conclusions and recommendations for future work.
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CHAPTER 2 : Metal artifact reduction in MVCT using a

modified IMPACT

A version of this chapter has been published: M. R. Paudel, M. Mackenzie, B. G.
Fallone, and S. Rathee, “Evaluation of metal artifacts in MVCT systems using a
model based correction method,” Med. Phys. 39, 6297-6308 (2012).
2.1 Introduction

The x-ray tubes in diagnostic CT scanners produce a polychromatic beam
in the range of 30 keV - 140 keV. Numerous metal artifact reduction (MAR)
techniques>?3456789 have been proposed and used in diagnostic kilovoltage CT
(kVCT) imaging, either in phantom or clinical studies. Most of these methods
sacrifice the quantitative accuracy in CT numbers of both the metal implant and
the tissue in the shadow of the artifact in favor of minimizing the visual effects of
the artifacts. Although model based iterative methods show great promise, they
require prior information of the location and composition of the metallic regions®
in addition to longer computing times. Among the model based methods, the
iterative maximum-likelihood polychromatic (IMPACT) algorithm has been
remarkably successful® in reducing artifacts in kVCT images, which include a
lightly attenuating metal like aluminum. However, the algorithm failed to
completely remove the artifacts created by iron. This suggests that the photon
starvation effect may prevent the beam hardening model of the algorithm from
working properly. The most important causes of metal artifacts in k\VCT are noise
(and, related to this, photon starvation at the detector), beam hardening, partial

volume effects and increased scattering.
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Megavoltage CT (MVCT) has promising benefits over KVCT regarding
these factors due to reduced photon starvation, and reduced beam hardening
issues due to a smaller difference in attenuation coefficients between metal and
other tissues at MV energies. However there are still significant metal artifacts in
MVCT images that are likely to be enhanced in future MVCT systems, which are
designed to utilize a lower energy photon spectrum generated by a lower atomic
number target (i.e. not tungsten; carbon, for example).X® The aim of this study is
to apply the IMPACT algorithm to reduce metal artifacts in two MVCT systems:
our optimized in house, bench-top MVCT system and the commercial
TomoTherapy™ Hi Art-1l [TomoTherapy Inc., Madison, WI, USA] MVCT
system. The IMPACT algorithm is modified to include pair/triplet production and
the modeled energy dependent response of individual detectors. A metal artifact
corrected MVCT image can either be used directly for treatment planning!*!2 or
to serve as a good initial image for further development in metal artifact reduction

in a kVCT image.

2.2 Methods and Materials
2.2.1 IMPACT modifications for MVCT
The IMPACT algorithm® considers the polychromatic nature of the x-ray

beam and expects the detector signal, y,, normalized to air scan, in view i to be

J
Y, :Z:ﬂbik'exp(_zlij‘ujk) 21
=1

Here k represents the index of photon energy bin in the discretized imaging beam

spectrum, and j represents image pixel index. The coefficient bik is the x-ray
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beam’s energy fluence spectrum. Also, lij is the length of intersection of i ray
with j™ pixel, and pjk represents the linear attenuation coefficient of the j™ pixel
for the k™ photon energy. This model of signal formation only assumes
polychromatic pencil beam and does not include other possible factors, if any,
such as scatter, energy response of the detectors, partial volume e.t.c. Unlike the
FBP method, which casts p as a function of spatial coordinates alone, the model
in Eqg. (2.1) introduces the spectral energy as an additional dimension.
Reconstruction of p as a function of space as well as energy is not feasible with
currently used energy integrating type of detectors in CT. In an attempt to reduce
the dimensionality of the problem, a crucial step of the IMPACT algorithm is the

formulation of a realistic model for the energy dependence of H;, -

Compton and photoelectric processes are the two main modes of
interaction in human tissues for the diagnostic (kV) energy range. The energy
dependencies of these processes are well known and the values of the attenuation
coefficients for a variety of elements, compounds and mixtures are well
documented.®® The pair/triplet production processes are important interactions in
the MV energy ranges, especially in high Z materials like metals. For example,
for 3 MeV photons in iron, the portion of the linear attenuation coefficient due to
pair/triplet interaction is about 12% of the portion due to the Compton
interaction.® Using our knowledge of the x-ray source beam spectrum, this

method models the energy dependence of linear attenuation coefficient u (E)

using a few basic substances such as air, water, bone and metal. Mathematically,

this formulation is expressed as:
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U(E) = pD(E) + 0.0(E) + 7.0(E), 2.2

O(E)=E/E°, OF)= 1, (E)/ (€, T=3(n(+20)/1+2)),

o =E(MeV)/0511, a, = E,(MeV)/0.511
Here, f_(E) is the Klein-Nishina function,® and T"** includes both pair and

triplet productions for the megavoltage energies in the MVCT imaging beams.
This latter part is not included in the original IMPACT algorithm, which was
formulated for kilovoltage energy. Theoretically, Eq. (2.2) and Eq. (2.3) show that
the coefficients ¢, &, ¢ refer to photoelectric, Compton, and pair/triplet production
parts of the total attenuation coefficient at the reference energy (Eo) respectively.
Practically, for each base substance (air, water, bone and metal), the known®3
linear attenuation coefficients at the discrete energy points (E) in the imaging
beam spectrum and at a reference energy Eo (e.g.1.25MeV) are used in
Eg. (2.2), which is subjected to a least square fit to get the values for ¢, 8, 7 .2 The
reference energy Eo is any energy close to the mean energy of the imaging beam
spectrum.

The energy dependent attenuation of any other material can be determined
from Eq. (2.2) if the corresponding coefficients (¢, 8,7) are known. These
coefficients, for the unknown y; in the image, are now assumed to be functions of

the linear attenuation coefficient u(E,) of base substances at energy Eo. The
corresponding values of (¢, 8, 7), for a pixel with estimated attenuation ; at the

reference energy, are calculated in each iteration step by using linear interpolation

between the basis materials. The energy dependent attenuation of the unknown
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pixels, 1(E) , is then calculated from the estimated (¢, 6, ) using Eq. (2.2), and

then substituted in to Eq. (2.1) to give an estimate of the detector signal y,. The
difference between the measured (y;) and the estimated detector signal at each

iteration step is thus passed to the update step of the algorithm to provide the next

estimate of the image ( ;). Briefly, the update step of the algorithm is obtained as

follows. The log-likelihood function L=>"" (y,.In(§,)- ;) is maximized to
obtain the image ( #;), where the measured data, y;, is assumed to be a Poisson

realization of y,. In the practical implementation, the log-likelihood function is

expanded in a truncated Taylor series and optimized using gradient descent
method to get the update step in the IMPACT algorithm.® The x-ray beam path

lengths (I;;) in Eq. (2.1) are pre-calculated using Siddon’s algorithm' for the

geometry of each system. Using the updated estimate of the image p;j, the new

estimation of parameters (¢, 8, 7) is made and the iteration continues until a

satisfactory final image is produced. Thus the final image represents the
attenuation coefficient map at the pre-defined energy Eo, usually the mean energy
of the spectrum.

Although the energy dependent detector calibration factor is mentioned in
the theoretical formulation of the original IMPACT paper, it appears that bix were
approximated by the photon fluence spectrum ignoring the energy dependent
response of the detectors. In the presence of multiple metal implants there can be
significant beam hardening. The strong energy dependency of the detectors, if it

exists, can alter the measured detector signal quite significantly. We have
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included this energy dependent factor (aik) into the model and therefore express

Eq. (2.1) in the form:
J

5, = D b o= L) 2.4
j=1

Here, bik now represents the photon fluence spectrum instead of the energy
fluence spectrum in Eq. (2.1). The factors (aik) represent the relative signal of the
detector measuring the i™ view for the k™ energy bin per unit fluence in the k"
energy bin. The rationale behind using this factor is our hypothesis that CT
detectors can have strong energy dependent gain, which is further justified in
section (2.3.1). The signal formation model in Eq. (2.4) also assumes
polychromatic pencil beam and adds the energy response of detectors as an extra
model compared to the model in Eqg. (2.1). Scatter as a model is not included in

the calculation of aik and if there be any that will add an error in the estimated aik.

2.2.2 Bench-top MVCT

Our optimized bench-top MVCT system and the data acquisition
technique have been described in a previous publication.'® Briefly, the detector
system contains 16 rows each with 320 individual CdWOQ; crystals attached to
photodiodes with a detector pitch of 1 mm in both dimensions. A 19.1 cm
diameter, cylindrical plexiglass phantom containing two cylindrical steel rods of
2.7 cm diameter at the periphery, along with ten other peripheral inserts of
physical density in the range 0.65 g/cc - 2.18 g/cc, was used in these experiments.
At the center of the phantom, cylindrical inserts of variable electron density were

scanned one at a time. The central inserts [Tissue Characterization Phantom,
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Gammex Inc., Middleton, WI, USA] have nominal electron density ranging from
0.295 - 1.695, relative to water. The bench-top MVCT used the bremsstrahlung
radiation of a 6 MeV electron beam, generated by filtering the electrons through a
4 cm thick solid water slab. The field size used in these experiments was
29 cm x 2 cm at 100 cm from the source, chosen to irradiate all 16 detector rows
to a uniform noise level. These experiments were conducted on a Varian Clinac
2300 C [Varian Medical Systems Inc., Palo Alto, CA, USA] using the total skin
electron irradiation applicator setting in the service mode with the accessory
interlock overridden. The sinograms of 5 detector rows (3 - 7), each containing
320 detectors, were normalized to the corresponding air scan data and then
averaged to obtain the raw fan beam sinogram with 2790 views per rotation.
Furthermore, the sinogram data were averaged over five rotations. Since the dose
per pulse in the imaging beam is very small, these steps are needed to ensure that
the noise level and the effective slice thickness in bench-top MVCT images are
similar to that in the TomoTherapy™ case.

A traditional 256x256 image was reconstructed using the filtered
backprojection (FBP) method within MatLab™ [The MathWorks Inc., Natick,
MA, USA] environment. The sinogram was first converted from the fan-beam to
the parallel beam geometry using the ‘fan2para’ function. The inverse Radon
Transform, with Ram-Lak filter and linear interpolation (MatLab™ function
‘iradon’), was used to reconstruct images from the parallel beam sinogram after
applying a beam hardening and detector calibration correction. For the calibration

factors, the experimental raw parallel beam sinogram of a larger (20 cm diameter),
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uniform plexiglass phantom was averaged over all 2790 views and normalized
among the pseudo parallel rays to unity. The corresponding averaged and
normalized sinogram of the same size mathematical phantom (using function
‘phantom”) of unit pixel value was obtained using the Radon transformation
(using function ‘radon’). The calibration factors were obtained by dividing the
mathematical sinogram by the experimental sinogram for each pseudo parallel
ray. These factors were multiplied with the raw parallel beam sinogram data of
the phantom to obtain the beam hardening and the detector calibration corrections.

The phantom without the steel inserts was scanned and similarly processed
to obtain the calibration of attenuation coefficients vs electron density, which is
unaffected by any metal artifacts.

The model based image is reconstructed using the modified IMPACT
algorithm described in section (2.2.1). The previously benchmarked® photon
spectrum, calculated using the BEAMnrc!’ and BEAMdp'® Monte Carlo codes,
was divided into 20 equally sized energy bins. Air, plexiglass, cortical bone (as
defined by ICRU 44)'°, and iron were used as the base materials. The energy
dependent detector calibration factors were estimated as described in
section (2.2.4). The IMPACT iterations start with the FBP reconstructed image.
The IMPACT algorithm then uses the uncorrected raw fan beam sinogram data,
normalized only to the air scan, to obtain the measured detector signal since the
detector signal modeled in IMPACT includes the energy dependence in the
response of individual detectors. The reconstructed image, after each update, was

smoothed by a3x 3 Gaussian filter with 0.25 pixels standard deviation [a
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MatLab™ filter]. Although the kernel of this filter has adjacent neighbours that
are not largely different compared to the center pixel, it does produce a visible
difference in the final image when applied to the image after each of the 150
iterations. Since the average change in pixel values in the 10 iterations beyond
150 iterations was less than 0.3%, the reconstruction algorithm was terminated

after 150 iterations.

2.2.3 TomoTherapy™ Hi Art-11 MVCT

The phantoms were scanned in helical mode with the J1 jaw setting and
pitch = 1, and the sinogram data were converted to pseudo axial fan beam format
using 2z linear interpolation. The CT numbers in 256x256 FBP images from
TomoTherapy™ MVCT were converted to attenuation coefficient maps at 1 MeV

(roughly the average photon beam energy of the TomoTherapy™ MVCT)? using

Fissie — Huwater
/uwater

CTnumber = x1000 . The phantom without the steel inserts was

also imaged for each central insert of different electron density. The
corresponding FBP images were remapped to the attenuation coefficient map at 1
MeV as above for comparison purposes. Since the phantoms were scanned using
the same clinical protocol as used for patients, the noise level in the phantom
images is similar to that expected in clinical patient images.

For the model based image reconstruction in TomoTherapy™ MVCT, the
incident photon spectrum was calculated at the isocenter (85 cm SAD) of the
MVCT using the BEAMnrc!” and BEAMdp!® Monte Carlo codes. The spectrum

was benchmarked against the beam attenuation by solid water as measured using
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an ion chamber. The measurements and the results for this validation are
described in sections (2.2.4) and (2.3.1), respectively. The number of spectral
energy bins and the base materials were the same as used for the bench-top
MVCT case. The energy dependent detector calibration factors were estimated as
described in section (2.2.4). The FBP image, remapped to attenuation coefficients
and containing metal inserts, was then used as the seed image in the IMPACT
algorithm. Since the fan beam in TomoTherapy™ MVCT only covers 540
detectors (channels 58 - 597), the pseudo-axial fan beam raw data for these 540
detectors, normalized to an air scan, were used in the IMPACT algorithm. This
matches the field of view (38.7 cm) and pixel resolution of the clinical
TomoTherapy™ MVCT images. Similar to the bench-top MVCT case, a 3 x 3
Gaussian filter with 0.25 pixels standard deviation is applied to the image after

each update. The final 256x256 image is obtained after 150 iterations.

2.2.4 Energy dependent detector calibration factor calculation
TomoTherapy™ MVCT detectors consist of compressed xenon gas
chambers that are separated by metal septa (tungsten plates). The incident photons
primarily interact with the tungsten septa, thereby creating lower energy particles.
The lower energy particles, in turn, ionize the gas to create a charge, which is
proportional to the detector signal.?* The tungsten septa thus give this detector a
very strong energy dependence. Furthermore, the xenon gas detector is in the
shape of an arc whose radius of curvature is not focused to the source. The

resulting element to element variation in energy response is expected to cause
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element to element variation in the measured attenuation of the beam by an object
of uniform thickness. In order to characterize this response, several experiments
were conducted. We measured the attenuation of the imaging beam for 17 known
thicknesses (0, 0.5, 1, 1.5, 2, 3, 4 cm, then steps of 2 cm up to a total of 24 cm) of
slabs of solid water [Gammex RMI®, Middleton, WI, USA] using a static
procedure (non rotating source-detector but same beam parameter and jaw
settings as for the TomoTherapy™ MVCT imaging beam). The theoretical
attenuation was calculated from Eq. (2.1) using the normalized energy fluence
spectrum in 20 discrete energy bins (bik). The theoretical linear attenuation
coefficient (k) of water at these energies,'® as well as the calculated radiological
path length (lj;) for the geometry of the source, detector, and solid water slabs,
were used.

The attenuation measurements by the same slabs of solid water were also
carried out using an ion chamber to validate the calculated beam spectrum. An
AL1SL EXRADIN thimble ion chamber [Standard imaging Inc., Middleton, WI,
USA] with 0.056 cc collecting volume and a PTW UNIDOS E electrometer [PTW
Inc., Freiburg, Germany] were used for these measurements. The ion chamber
was aligned with the help of the system positioning lasers and placed below the
isocenter in between the solid water slabs and the TomoTherapy™ detectors. The
ion chamber position was far from both the detectors and the water
slabs (~ 20 cm) to minimize the effect of backscatter. The field size used in the
measurements (40 cm x 0.4 cm) was the same fan beam as used in MVCT

imaging. The signal measured by the ion chamber (y) for each thickness of solid
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water was normalized to an air scan (Yo) to get the reference attenuation
[i.e., -In (y/yo)] data.

Using this thickness vs detector signal measurement for O - 24 cm solid
water thickness range, ai in Eg. (2.4) is calculated using a constrained

optimization technique.?? For each detector, a matrix [yi] is obtained as the ratio

J
(Y/y0). The exponent matrix [bik.exp(—ZIij 4;,) 1 1s obtained using the normalized

j=1
particle fluence spectrum (bi), the theoretical attenuation coefficient of water at
the corresponding 20 discrete energy points, and solid water path lengths. Thus,
the detector matrix [yi] is related to the multiplication between the exponent
matrix and [ai]. The [ai] vector for each detector is obtained by inverting this
system through an iterative constrained least squared minimization technique.?? A
smoothing constraint based on L, norm minimization of [ai] was included in the
cost function and a non-negativity constraint was applied after each iteration. This
technique is chosen because by using the method of least squares or pseudo
inverse alone we get non-physical (oscillatory or negative) solutions for [ai]. This
is because the exponent matrix is close to being singular (i.e., it is an ill-posed
problem).

A similar approach was used to determine the energy response of the
bench-top MVCT detector system. Because this arc shaped detector is focused on
the source, no element to element difference in the measured attenuation vs solid
water thickness is expected for the bench-top MVCT, unlike the TomoTherapy™
MVCT system. Since the beam spectrum was previously validated for this system,

no ion chamber measurements were carried out.
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2.3 Results
2.3.1 Energy dependent detector calibration factor

The comparison of the measured attenuation with the theoretical values,
calculated using Eq. (2.1), as a function of solid water thickness is shown in
Fig. 2.1 (a) for two typical detectors [a central (at zero degrees) and an outer
located at ~9.7 degrees from the central, the angle being taken with respect to the
source] in the TomoTherapy™ MVCT system. The theoretical calculation of the
attenuation using the model includes the divergent path length in solid water for
each detector. In Fig. 2.1(a), the theoretical calculation assumed a uniform energy
response for all detector elements. Thus the calculated curves are nearly the same
for the outer and the central channel. However, there is a large difference between
the central and the outer detector in the case of measurement. The difference is
caused by the distinctly different energy response of the detectors resulting from
the detector arc not being focused on the source. The deviation of measured
attenuation from the theoretical value increases with the increasing thickness of
solid water.

Figure 2.2 shows the attenuation of the TomoTherapy™ MVCT beam by
the solid water as measured by the central TomoTherapy™ detector and the ion
chamber. The theoretical calculation of Eqg. (2.1) is also shown, which matches
well with the ion chamber measurements. This indicates that the spectrum of the
imaging beam used in Eg. (2.1) is valid. It also suggests that the scatter

contribution, if any, in the narrow fan-beam geometry is small. A large difference
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between the ion chamber and TomoTherapy™ detector measurements supports
our hypothesis that the TomoTherapy™ MVCT detectors have a strong energy

dependent response.
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Figure 2.1. Variation of measured and calculated attenuation of beam by solid water
thickness for two (one central and the other outer) TomoTherapy™ MVCT detectors (a)
without and (b) with energy dependent calibration factors. In (a), the measured attenuation
by the two detectors is different due to different energy response while the calculated
attenuation is the same. The difference between measured and calculated attenuation in (a)
for each detector gets removed in (b) after applying energy dependent calibration. Similar
variations for a central detector in the bench-top MVCT are in [(c) and (d)]. The energy
response of the bench-top MVCT detectors is spatially invariant and a common energy
response can be used to match the calculated and measured attenuation for all the detectors,
two are shown in (d). Arrows in (a) indicate the corresponding curves for a given detector.
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Figure 2.2. Variation of measured and calculated attenuation with solid water thickness for a
central detector in TomoTherapy™ MVCT. The attenuation measured by an ion chamber
follows the calculated attenuation validating the simulated energy fluence spectrum used.

The energy response of the detectors was determined and used in Eq. (2.4)
to calculate the theoretical attenuation as a function of solid water thickness. The
newly calculated attenuations are very close to the measured values for all
detectors and for the range of solid water thickness used. The newly calculated
values of the central and the same outer detector as in Fig. 2.1(a) are shown in
Fig. 2.1(b) along with the measurements made with the TomoTherapy™
detectors. The difference in the measured attenuation between the outer and the
central detector still persists; however, each matches to its own calculation better
after the energy correction.

The variations of measured and calculated attenuation as a function of
solid water thickness for a central CdWO4 solid state detector used in the
bench-top MVCT without and with the energy dependent calibration are shown in
Figs. 2.1(c) and 2.1(d) respectively. Fig. 2.1 (d) also shows the variation of

measured attenuation together with the calculated attenuation that includes the
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energy dependent response of the central detector for an outer detector. The
calculated and measured attenuation for both of these detectors are almost
identical after including the same energy response [Fig. 2.1(d)]. This shows the
spatial invariant nature of the energy response of the detectors. The theoretical
calculations in Fig. 2.1(c) and 2.1(d) were made using Egs. (2.1) and (2.4),
respectively. The overall data in Fig. 2.1 indicate that there is more beam
hardening and less energy dependence in detector response in the bench-top
MVCT system compared to the TomoTherapy™ MVCT system. As a result of
defocused tungsten septa, TomoTherapy™ detectors exhibit large detector to
detector variation in the attenuation data although the measured attenuation for
individual detectors is very linear with the solid water thickness.
2.3.2 Image reconstruction

The traditional FBP based images with the corresponding model based
images in the IMPACT algorithm are shown in Fig. 2.3 for both MVCTs after 150
iterations. Figures 2.3(a) and 2.3(c) show the FBP images for the TomoTherapy™
and bench-top MVCT systems, respectively, and Figs. 2.3(b) and 2.3(d) show the
corresponding model based reconstructions. The FBP method produces visibly
dark shading in the area connecting the two steel rods [Figs. 2.3(a) and 2.3(c)]. In
the IMPACT reconstructed images [Figs. 2.3(b) and 2.3(d)], the dark shading
connecting the steel rods is almost completely removed and the uniform

background restored.
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Figure 2.3. Images reconstructed using the FBP [(a) and (c)] and IMPACT methods after
150 iterations [(b) and (d)] with the central cortical bone insert. The inserts labeled ‘1’ are
steel rods. Top row [(a) and (b)] are TomoTherapy™ MVCT images and bottom row [(c)
and (d)] are bench-top MVCT images. The window/level in (a) and (c) are the same as in (b)
and (d) respectively.

Several factors contribute to the poorer image quality for the bench-top
MVCT case. The detectors in the arc are not equally spaced due to the imperfect
assembly. The increased scatter produced by the slightly thicker fan beam
(29 cm x 2 cm) may degrade the images. Finally, the smaller pixel size due to the
smaller field of view (~28.6 cm) in bench-top geometry and the Ram-Lak filter
may have increased the graininess in the images.

Figure 2.4(a) shows two profiles through the center of the FBP image from
the TomoTherapy™ MVCT with the central cortical bone insert, which has a
relative electron density of 1.695 compared to water. For clarity, the profiles are

plotted only for the central 128 x 128 image. One of the profiles is through the

region connecting the steel inserts and the other perpendicular to the first one. The
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inset in Figure 2.4(a) shows the decreased attenuation coefficients of the
plexiglass background in the 'shadow' created by the metal inserts. The plexiglass
attenuation coefficients in the background region of the two profiles were the
same in the absence of steel inserts [Fig. 2.5(a)]. Figure 2.4(b) shows the
corresponding profiles in the IMPACT reconstructed image. In this image, the
plexiglass attenuation coefficients in the two profiles are nearly the same. Thus,
the model based algorithm results in near complete removal of the dark shading
metal artifact and restoration of the uniform background between the metal rods.

The inset in Fig. 2.4(b) is a zoomed view, shown for increased clarity.
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Figure 2.4. Comparisons of image profiles along the line joining the steel inserts (the curve
with three peaks) and in the perpendicular direction to it (the curve with a central peak) in
the TomoTherapy™ MVCT image (a). The uniform plexiglass background which is
distorted in the FBP image is restored in the IMPACT image, shown in (b). Insets in both
figures show the restored background more clearly.
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Figure 2.5. Comparisons of image profiles as in Fig. 2.4 in the FBP image of (a) the
TomoTherapy™ MVCT system and (b) the bench-top MVCT system, both in the absence of
metal rods. Arrows indicate the uniform plexiglass background.

Figures 2.6(a) and 2.6(b) show the data for the bench-top MVCT system
corresponding to the data in Figs. 2.4(a) and 2.4(b), respectively, for the
TomoTherapy™ MVCT system. Model based image profiles in Fig. 2.6(b) show
an improvement in restoring the degraded attenuation coefficient map in the
shaded region between the metal rods compared to the corresponding profiles in
Fig. 2.6(a) for the FBP image. Figure 2.5(b) shows that the plexiglass attenuation
coefficient in the background region of the two profiles was the same in the
absence of steel inserts. However, due to the fine streak image artifacts
originating from the metals, there is larger fluctuation in the profiles at some of
the pixels in the images with steel rods [Figs. 2.6(a) and 2.6(b)]. These
fluctuations make the improved match between two profiles in Fig. 2.6(b) less
obvious. These streaks are probably due to the tiny air gaps present between the
detector blocks (each block contains 16 detectors and there are 20 such blocks) in

the bench-top MVCT system.
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Figure 2.6. Comparisons of image profiles along the line joining the steel inserts (the curve
with three peaks) and in the perpendicular direction to it (the curve with a central peak) in
the bench-top MVCT image (a). The uniform plexiglass background, destroyed in the FBP
image is restored in the IMPACT image in (b). Insets in both figures show the restored
background more clearly.
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Figure 2.7. Variation of average pixel values with relative electron density in the (a) FBP
reconstructed and (b) IMPACT reconstructed bench-top MVCT images for a central insert
in the presence (circles) and absence (diamonds) of peripheral steel inserts. The average
pixel values in the IMPACT reconstructed images in the presence of steel inserts are close to
the corresponding values in the absence of steel inserts within the experimental uncertainty.
The red and blue curves are the linear fits to the corresponding points.

Figure 2.7(a) shows the variation of average attenuation coefficient in the
region of interest (ROI) within the central insert as a function of its relative

electron density, both in the presence and in the absence of the steel inserts, for
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the bench-top MVCT system. Both sets of data indicate the usual linearity of
measured attenuation in the MVCT image with electron density. However, the
steel rods reduce the attenuation coefficient of the central insert at all electron
densities. Also, the slope of the linear fit is somewhat smaller in the presence of
steel inserts indicating increased beam hardening for some of the views.
Assuming the average attenuation coefficients in the absence of steel inserts, over
the range of the electron density in Fig. 2.7(a) as calibration points, and using
linear interpolation, the electron density in the corresponding ROI of central insert
in the presence of the steel rods is calculated. Thus, the reduction in attenuation
coefficient caused by the steel rods can be expressed as a percentage reduction in
the electron density. The dark shading connecting the steel rods in the FBP
images causes 4.0% - 9.5% underestimation of relative electron density with an
average of (6.3 = 1.8)% in the central insert for the relative electron density range
of (0.295 - 1.695). For the insert representing lung with a relative electron density
of 0.295, the average underestimation is 9.5%. Figure 2.7(b) shows the
corresponding data in the IMPACT reconstructed images. The average attenuation
coefficients of the central inserts in the presence of the steel rods are very close to
the corresponding values in the absence of steel rods. Similar to the FBP case, the
attenuation coefficients of the central inserts in the phantom containing the steel
rods were converted to electron densities. The underestimation of relative electron
density in the IMPACT image for the central insert is 1.4% - 6.8%, with an

average underestimation of (3.1 £ 1.7)%.



2 : Metal artifact reduction in MVVCT using a modified IMPACT 76

™ .
TomoTherapy ™ MVCT with FBP TomoTherapy ™ MVCT with IMPACT
'E 0.1 (@ "E 0.4 (b)
L 8
g 5
Q Q
£ 0.08 & 0.08
[}
8 8
c c
2 S
% 0.06} = 0.06
g £
£ 2
© ©
& 0.04 o With steel inserts 5 0.04 © With steel inserts
£ v Without steel inserts £ v Without steel inserts
= —Linear fit of with steel - —Linear fit of with steel
0.02 —Linear fit of without steel 0.02 ——Linear fit of without steel

04 06 08 1 12 14 16 18 04 06 08 1 12 14 16 18
Relative electron density with respect to water Relative electron density with respect to water

Figure 2.8. Variation of average pixel values with relative electron density in the (a) FBP
reconstructed and (b) IMPACT reconstructed TomoTherapy™ MVCT images for a central
insert in the presence (circles) and in absence (diamonds) of peripheral steel inserts. The
average pixel values in the IMPACT reconstructed images in the presence of steel inserts are
close to the corresponding values in the absence of steel inserts within the experimental
uncertainty. The red and blue curves are the linear fits to the corresponding points.

In the TomoTherapy™ MVCT images, there is an inherent artifact called
“button artifact” at the center of the image. This artifact appears as a small
circular region of either higher or lower intensity in alternate slices. It results from
the rapidly changing detector response in the central region of the non focused
detector array®® to the radiation source. This button artifact is present in the FBP
reconstructed images and carries through the iterations of the IMPACT algorithm.
As suggested in Ref (23), we have excluded this artifact in the calculation of
average attenuation coefficient in the ROI of the central inserts, both in the FBP
and the IMPACT reconstructed images. Figures 2.8(a) and 2.8(b) show the data
for TomoTherapy™ MVCT images corresponding to the data in Fig. 2.7(a) and
2.7(b) respectively for bench-top MVCT. Similar to the bench-top case, the steel
rods cause a reduction in the measured attenuation coefficients of the central

insert in the FBP images [Fig. 2.8(a)]. The shading artifact creates 2.6% - 6.7%
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underestimation of the electron density with an average of (3.7 £1.4)% in the
central insert of the FBP image. IMPACT has improved the dark shading, and the
average attenuation coefficients in the ROI inside the central insert are almost
identical to the corresponding average attenuation coefficients in the absence of
steel inserts [Fig. 2.8(b)]. The underestimation of electron density
is -0.4% to +0.1%, with an average of (-0.1 £ 0.2)% in the full range of electron

density studied.
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Figure 2.9. Variation of mean pixel values of the plexiglass background with relative electron
density in the shadow (1) and out of the 'shadow' (2) of the steel rods in the FBP and
IMPACT reconstructed images from (a) the TomoTherapy™ MVCT system and (b) the
bench-top MVCT system.

Figures 2.9(a) and 2.9(b) show the variation of the average attenuation
coefficients of two ROIs in the plexiglass background. The first ROI, indicated by
‘1’ in the inset of Fig. 9(a), is in the 'shadow’ artifact caused by the metal inserts,
and the second ROI is out of 'shadow' as indicated by ‘2’. These data are
presented as a function of the relative electron density of the central insert in both

MVCT images. Ideally, the average attenuation coefficients in the ROIs ‘1’ and
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‘2’ should be the same and equal to that of the plexiglass background. However,
the metal artifact makes the mean of ROI ‘2’ smaller than the mean of ROI “1°.
The deviation between two ROIs increases [Fig. 2.9(a) and 2.9(b)] with an
increase in the electron density of the central insert suggesting the dark 'shadow’
created by the metal rods becomes darker in the presence of a denser insert
between the steel rods. As noted previously, the IMPACT algorithm reduces this
difference by removing the 'shadow" artifact. The average attenuation coefficients
within the two ROIs from the images obtained by the IMPACT algorithm are
remarkably closer to each other. In the TomoTherapy™ MVCT image [Fig.
2.9(a)], the underestimation of electron density in ROI ‘2’ compared to ROI ‘1’ in
the FBP image is 5.9% - 7.2% (for various central inserts) with an average
underestimation of (6.4 +0.5)%. The amount of underestimation generally
increases with increasing electron density of the central insert. In the IMPACT
reconstructed images, the underestimation is only 0.3% - 1.0%, with an average
underestimation of (0.7 £0.3)%. Similarly, in the bench-top MVCT images
[Fig. 2.9(b)], the underestimation of electron density in the FBP images is
0.8% - 4.7%, with an average underestimation of (2.9 = 1.2)%. In the IMPACT
reconstructed images the underestimation is only 0.3% - 1.8%, with an average

underestimation of (0.9 + 0.5)%.
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2.4 Discussion

Previous metal artifact reduction methods have mostly been applied to
diagnostic CT systems, with an emphasis to reduce the visibility of artifacts. In
many of these techniques, the metal is segmented and replaced with a lesser
density material to reduce the artifacts.®>* Moreover, due to the excessive beam
hardening caused by the metal, the reconstructed metal pixels in the initial FBP
images are generally incorrect. Thus, even if the metal segmented from the initial
FPB image is replaced back in the final, artifact reduced image, the electron
density of the metal estimated from the image is generally not correct and must be
overridden. For the specific application of CT to radiation therapy planning, both
the visual aspects of the metal artifact and its impact on the accuracy of the CT
numbers (and hence the electron density) in the images are important. It is widely
accepted that MVVCT imaging can reduce these artifacts to a large degree. In this
study, we demonstrated that the MVCT system produces shading artifacts in the
images of phantoms containing high density bilateral steel inserts (similar to
bilateral hip prostheses in a patient), which results in inaccurate CT numbers in
the shadow of artifacts. Basically, the electron density in the shadow of artifacts is
underestimated due to the presence of metal. To the best of our knowledge, this is
the first study in which the MAR technique is applied to MVCT images in an
attempt to reconstruct accurate attenuation coefficients.

The conventional FBP method of image reconstruction assumes that a
linear projection, i.e., a view consisting of line integrals, of a 2-D attenuation map

can be obtained from the detector data. Spectral hardening, scattered radiation
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reaching the detector, and the finite dimensions of the detector make it difficult to
obtain linear projections from the detector data. However, the error caused by
these factors, especially after empirical spectral hardening corrections, is
generally small if no metal objects are present in the patient. The presence of
metal can produce larger errors and artifacts. In this particular work, a model of
signal formation in the MVCT detectors is used that explicitly accounts for the
spectral hardening and the variable energy response of the detectors. Our current
implementation of the algorithm in MatLab™, using a 2.67 GHz, i7 CPU without
any time reduction strategies, takes a day to correct a slice, such as shown in
Fig. 2.3. The signal formation model can be extended to include small amounts of
scattered radiation reaching the detectors and the dimensions of the detectors.
Since the detector signal is non-linearly related to the attenuation coefficient map,
the solution necessitates the use of an iterative method of reconstruction that
increases the computation time. The use of an iterative method, in addition to
reducing the effect of metal on the image visibility and CT numbers, may also
help in reducing the noise in the image. This is more evident in the
TomoTherapy™ MVCT images of this investigation, i.e., the standard deviations
within the ROIs of the central insert were smaller in the IMPACT reconstructions,
but it is also present to a lesser extent in the images from the bench-top MVCT.
At the authors’ institution, the TomoTherapy™ MVCT is routinely used
for the treatment planning of prostate patients with hip prostheses. The MVCT
images provide more information in the shadow of the artifact compared to

diagnostic CT. It is expected that the artifact reduced MVCT images would
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further improve the visibility of prostate in the shadow of the artifact. Further
investigations are required to study the improvement in the radiotherapy dose
calculation accuracy resulting from this difference in the electron density.

Our MAR technique has significantly reduced the shading metal artifact
and restored the degraded uniform background. The difference in the estimated
electron density, from the true value, after IMPACT reconstruction is less than
1% in the background plexiglass and less than 3% averaged over the range of
electron densities investigated for the bench-top MVCT system. In the
TomoTherapy™ MVCT system, this error is < 0.5% for all the electron densities
studied. Our method has not introduced and is unlikely to introduce secondary
artifacts as long as the correct geometrical information of the scanner is used. This
is unlike the segmentation/interpolation based correction methods, which can
introduce secondary artifacts and lose anatomical information close to the
implant®>>2425_ This artifact reduced image may be used directly in radiotherapy
treatment planning, however further investigation involving patient images is
necessary. In addition, it can be used as a good initial image for the further
development of metal artifact reduction methods in a kVCT image set. With the
ever increasing computing capacity this iterative method could be used in
radiotherapy treatment planning where imaging and treatment are generally at

least on the order of hours apart from one another.
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2.5 Conclusions

This study has demonstrated the importance of model based image
reconstruction in two MVCT systems for metal artifact reduction. With accurate
geometrical information of the CT scanner and the photon beam spectrum, the
shading metal artifacts can be almost completely removed in MVCT images using
an iterative reconstruction algorithm such as IMPACT. The error in linear
attenuation coefficient, and consequently the error in electron density, is
significantly reduced by this method. The difference in the electron density in the
plexiglass background is <1%, and it is < 3% averaged over the range of electron
densities investigated for the bench-top system. For TomoTherapy™ MVCT
system, the average difference in the electron density is <0.5% over the range of
electron densities investigated. However, the accurate modeling of detectors’
energy dependent response and a model for the energy dependence of relevant
photon interaction processes are crucial for the successful implementation of this

method.
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CHAPTER 3 : Modified IMPACT in kVCT

3.1 Introduction

Our study* presented in chapter 2 revealed that the solid state detector in
the bench-top MVCT system has a less pronounced but finite energy dependent
response. We expect a stronger energy response in commercial solid state kVCT
detectors because of the larger variation of the attenuation coefficient of the
detector with energy, and greater beam hardening within the patient for low
energy kV photons. Therefore we expect that the inclusion of this response into
the model (in IMPACT) will reduce metal artifacts in kVCT. We calculated this
response exactly the same way as we did for MVCT?! and modelled it in IMPACT,
where only the photoelectric effect and Compton scattering process were included
in the expression for the linear attenuation coefficient. However, this modified
IMPACT algorithm did not significantly reduce metal artifacts in kVCT for high
density metals such as steel, and did not perform better than the existing IMPACT
algorithm? without energy dependent detector response. We hypothesize that
photon starvation may result in the measured data being uninterpretable by the
model in the modified IMPACT algorithm. Therefore, to establish that this is
indeed the case, we explored the possibility of photon starvation of the imaging

kV beam at the detectors.

3.2 Attenuation vs thickness of steel plates
We conducted attenuation measurements as a function of steel absorber

thickness by using a range of steel plate thicknesses. A Phillips Big Bore CT™
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scanner was used in static mode where the couch moved into the bore at constant
speed with non-rotating source and detector, i.e. in the scout image acquisition
mode. The beam parameters were 120 kVp and 200 mAs. We sandwiched steel
plates of a given thickness between two 12-cm-thick solid water blocks, (total
thickness of solid water was 24 cm) and measured the transmitted signal (y)
which was normalized to the air scan signal (yo) to get attenuation [i.e., -In(y/yo)]

data for the central detector.
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Figure 3.1. The attenuation measured by the central detector for three different thicknesses
of steel plates sandwiched between two solid water blocks each 12 c¢cm thick. Here, a view
number corresponds to a particular couch position in the scout scan mode while the source
and detectors remained stationary. For steel thickness of 18.4 mm (a) and somewhat for 13.4
mm (b), the variation in measured attenuation is reflective of quantization noise indicated by
the presence of a finite number of discrete levels. This indicates that the detector signal is so
small that the quantization levels in the A-to-D converter are visible. This is not the case for
a steel thickness of 10.6 mm (c) where the variations in the measured attenuation are
characteristics of quantum mottle.
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The variation of the measured attenuation, for three different thicknesses
of steel plates (10.6 mm, 13.4 mm, and 18.4 mm) sandwiched between two 12 cm
thick solid water blocks, as a function of parallel views through the constant
thickness of the steel plate is shown in Fig. 3.1. The plots in Fig. 3.1 show that
there is a large variation in the attenuation value between the views for a given
thickness of steel plate. When the steel plate thickness is 10.6 mm, the variations
in the measured attenuation are characterized by the quantum noise. At steel
thicknesses of 18.4 mm (and somewhat at 13.4 mm), the measured attenuation
shows discrete levels as a function of view number in addition to the quantum
noise. This indicates that the detector signal is so small that the quantization levels
in the analog to digital (A-to-D) converter are visible. This is the indication for
photon starvation.

Further insight into this effect is presented in Fig. 3.2 where the histogram
of the measured attenuation for the central detector is presented with varying
thickness of steel plate sandwiched between the solid water blocks. When the
steel plate thickness changes from 7.6 mm to 10.6 mm [Fig. 3.2 (a) to
Fig. 3.2 (c)], the base of the Gaussian-like histogram widens, indicating increase
in the level of quantum mottle. When the steel thickness reaches 13.4 mm
[Fig. 3.2 (d)], the shape of the distribution starts to change. The histogram now
contains a few discrete lines towards the higher attenuation side of the
distribution. One of the lines is at a very high attenuation value (18.6). From a
steel thickness of 18.4 mm to 36.7 mm [panels (e) to (i) in Fig. 3.2], the height of

these discrete attenuation points increases while keeping the same position
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(i. e., the same attenuation value). Also, the mean position of the rest of the points
is essentially the same at around the attenuation value of 10. These discrete lines
represent the quantization levels in the A-to-D conversion process and a fixed
attenuation value indicates the presence of photon starvation. The maximum
value of the measured attenuation (18.6) comes from the maximum limit of the
data acquisition system resulting from the minimum possible quantized signal

detected in presence of photon starvation.
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Figure 3.2. Histogram of the attenuation measured by the central detector for varying
thicknesses of steel plates sandwiched between two solid water blocks each 12 c¢cm thick.
Here, number of views indicates a particular couch position in the scout scan mode for which
a particular value of attenuation was recorded while the source and detectors remained
stationary. The histograms from (a) to (c) show the broadening of the attenuation
distribution curve, indicating the rise in quantum noise with the increase in steel plate
thickness. When the steel thickness reaches 13.4 mm (d), new discrete lines appear, one of
them at the largest attenuation value of 18.6. Starting at the steel thickness of 18.4 mm (e),
the Gaussian-like shape of the histogram completely disappears and the discrete lines are
seen at the same attenuation values with increasing height, reflecting the quantization levels
in the A-to-D conversion process.
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3.3 Conclusion

This study shows that photons reaching the kVCT detector after passing
through a thick metal plate are either so low in number that the signal measured
has large quantum noise, or are completely absorbed inside the attenuating plate
so that the discrete quantization levels become visible. This is the condition of
photon starvation. In either case, the measured signal does not follow the signal
model used in the IMPACT algorithm. As such, the modified IMPACT technique
that requires a real measured signal as an input cannot model this situation, nor
can we introduce any model for this effect. The practical size of a steel hip
implant is at least 13 mm in diameter, and hence we cannot apply a model based
method such as the modified IMPACT algorithm to reduce metal artifacts in

kVCT for such higher density implants.
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CHAPTER 4 : NMAR in kVCT using MVCT priors, a phantom

study

A version of this chapter has been published: M. R. Paudel, M. Mackenzie, B. G.
Fallone, and S. Rathee, “Evaluation of NMAR in kVCT using MVCT prior images
for radiotherapy treatment planning,” Med. Phys. 40, 081701 (2013).
4.1 Introduction

Many metal artifact reduction (MAR) techniques'™*2 have been proposed in
diagnostic kilovoltage CT (kVCT) imaging. Two important groups of these
algorithms are projection completion (PC) and model based statistical
reconstruction methods. PC methods identify the projection data corresponding to
metals in the raw sinogram, and replace them with the interpolated values from
the surroundings. This replacement greatly reduces the metal artifacts but often
introduces secondary artifacts. One such method, normalized MAR (NMAR),®
attempts to reduce these secondary artifacts by normalizing the raw projection
data before interpolation using the calculated projection data of a prior image. The
prior image is a tissue (i.e. air, soft tissue, bone, and metal) classified image. The
prior image is obtained in two steps. Firstly, the general PC method is used to
obtain an artifact reduced image. The general PC method uses linear interpolation
in the detector channel direction to replace sinogram values in the location of the
metal portion of the sinogram followed by reconstruction using filtered
backprojection (FBP), and then subsequently puts the metal back into the image.
Secondly, the artifact reduced image is segmented into various tissue classes
using thresholding, and then assigned fixed CT numbers to the air and water

classes. In the image corrected by the general PC method before classification, the
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shading and streaking is significantly reduced but secondary artifacts are often
introduced. The tissue classification step further introduces segmentation errors
due to non optimal classification. These segmentation errors present in the prior
image can pass on to the final corrected image in the NMAR method.®® Thus, the
contrast and edge information of the anatomical structures is often reduced.?1?
The ‘closeness’ of the prior image to the actual object is shown to be more
critical®® than the particular interpolation method for artifact reduction in the
NMAR method.

Model based methods show great promise for metal artifact reduction, but
they need longer computing times, and may require the location and composition
of the metallic regions!! to be known a priori. Among the model based methods,
the iterative maximume-likelihood polychromatic (IMPACT) algorithm has been
remarkably successful'® in reducing artifacts in kVCT images due to lightly
attenuating metals such as aluminum. In the presence of thicker and denser
implants such as steel, significant artifacts remain in the corrected images. The
method is unable to correctly restore the CT numbers within the metal in the
corrected images in kVCT. These remaining issues are most probably due to the
photon starvation effect. In order for the signal formation model to properly
predict the metal attenuation, the model needs measured transmission data
through the metal which is not available in k\VCT due to photon starvation.

Megavoltage CT (MVCT) images are dramatically less susceptible to
metal artifacts due to reduced photon starvation and reduced beam hardening at

MV energies. However, there can be significant shading artifacts in the presence
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of denser and thicker implants, but these artifacts can be reduced using a modified
IMPACT algorithm.2* MVCT images give the correct attenuation properties of
metal and have been routinely used in the clinic for image guided radiotherapy
(IGRT), but lack the superior soft tissue contrast inherent in KVCT images.

The aim of this study is to use uncorrected and corrected (using the
modified IMPACT method) MVCT images without tissue classification as prior
images for the NMAR technique to reduce the metal artifacts in kK\VCT images.
Although the noise in the MVVCT images is relatively larger, it is hypothesized
that the avoidance of the segmentation/tissue classification step in addition to
reduced artifacts in the MVCT prior images will avoid the contrast and edge loss
problems of the existing NMAR method. More importantly, the correct
attenuation map of metals in the MVCT image can be utilized to get the correct
CT number of metal in the KVCT image, which can’t be obtained from any of the

existing MAR methods in kVCT.

4.2 Methods and Materials
4.2.1 IMPACT modifications for MVVCT
The modified IMPACT algorithm we used for MVCT has been described

in detail in Ref. 14. In brief, the algorithm uses the polychromatic detector signal

(9;) model:

J
9, = > ab,.exp(-Y 14, 4.1
j=1

where ‘i’ is the index of the projection ray, ‘k’ is the energy bin, and j’ is the

image pixel. Also, bik is the photon fluence spectrum (practically it is considered
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independent of the projection ray ‘i’). The factors aik represent the relative signal
of the detector measuring the i ray for the k™ energy bin per unit fluence in the
k? energy bin. The factor ljj is the intersection length of the i*" ray with pixel j, and
Wik represents the linear attenuation coefficient of the j™ pixel for the k™ photon
energy. The energy dependent linear attenuation coefficient is expressed as a
linear combination of Compton, photoelectric, and pair/triplet production
components. Each of these components further consists of an energy dependent
function and a material dependent parameter. It is further assumed that the
material dependent parameters are unambiguously determined using the
attenuation coefficients at a specified reference energy, the energy equal to or
close to the mean energy of the imaging beam spectrum. For this purpose, a list of
possible base materials, such as air, water, bone, metal etc., is chosen. The x-ray

beam path lengths (I;;) in Eq. (4.1) are calculated using Siddon’s algorithm®® for

the geometry of the imaging system. Using the normalized signal matrix [yi]
measured by each detector for zero to 34 cm total thickness of solid water

[Gammex RMI®, Middleton, WI, USA] and using the calculated exponent matrix
J

[bik.exp(—ZIij,ujk)], aik in Eq. (4.1) is calculated by inverting this system with
j=1

the help of an iterative constrained least squares minimization technique subjected
to smoothing and non-negativity constraints.®

The reconstruction of the image is achieved by maximizing the Poisson

|
i=1

likelihood L= (y;.In(y;)— ;) where y, is the measured signal. In practice,
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the likelihood is first expanded in a truncated Taylor series and optimized using
the gradient ascent method®’ to get the update step:

oL

ou
I .2

oL
2

n O 0L,

where ‘A’ represents an image pixel. Using the model of the expected signal §, in

Eq. (4.1), the likelihood function L is updated to get the final iterative step for ;,

as described in Refs. (10) and (14).

4.2.2 Image reconstruction in MVCT

We have used a TomoTherapy™ Hi Art-1l MVCT in this study. Two
phantoms were used: the RMI tissue characterization phantom [Gammex Inc.,
Middleton, WI, USA] of 33 cm diameter and the TomoTherapy™ ‘cheese
phantom’ (30 cm diameter), as shown in Figs. 4.1(a) and 4.1(b) respectively.
Several tissue equivalent plugs, as listed in Table 4.1, were used with the
arrangements shown in Figs. 4.1(a) and 4.1(b). All the plugs are 2.8 cm in
diameter except for two solid steel rods (2.7 cm diameter and 7.9 g/cm?® density),
which are used to simulate metal implants. The phantoms were scanned in helical
mode with a pitch=1. The 256x256 images reconstructed using the FBP method
by the TomoTherapy™ MVCT (FBP-MVCT) system were obtained. These
images were directly used as priors in the NMAR in one case.

For the second case, the MVCT images were first corrected using the

IMPACT method (IMPACT-MVCT). The CT numbers in the FBP-MVCT
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images were converted to attenuation coefficient maps (usissue) at 1 MeV (roughly
the average photon beam energy of the TomoTherapy™ MVCT)® using the

following equation.

CT number = Siste — uater 31 90 4.3
,uwater

In this equation sawater at 1 MeV is used to convert the CT number to gsissue. The
Liissie Value was then used as an initial image in the IMPACT method. The
measured signal by TomoTherapy™ MVCT detectors was converted to a pseudo
axial fan beam format using 2= linear interpolation. This was normalized to an air
signal and then used in the IMPACT method. Since the phantoms were scanned
using the same clinical protocol as used for patients, the noise level in the
phantom images is similar to that expected in clinical patient images.

For the image reconstruction using IMPACT, the incident photon
spectrum was calculated at the isocenter (85 cm SAD) of the MVCT using the
BEAMnrc!® and BEAMdp?® Monte Carlo codes. The spectrum was validated in
Ref. 14 using transmission measurements. Twenty spectral energy bins and eight
base materials [air, lung, adipose, water, soft bone, cortical bone (as defined by
ICRU 44)% titanium and iron] were used. The energy dependent linear
attenuation coefficients of these materials were obtained from the NIST website.??
The final 256x256 image is obtained after 150 iterations, as used in Ref. 14. The

corrected y4issue distribution was converted back to CT numbers using the average

value of saater in the IMPACT reconstructed image of the RMI phantom without
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metal. These IMPACT-MVCT images were also used as priors in the NMAR

method.

4.2.3 Image reconstruction in kVCT

The phantoms were scanned on a Philips Brilliance 16-slice Big Bore CT
scanner [Philips Healthcare System, Cleveland, OH, USA] in axial mode with the
following settings: 140 kVp, 400 mAs, 16 x 1.5 mm? collimation, and 1 s rotation
time. An air scan is also obtained to normalize the raw sinogram of the phantoms.

Using the filtered backprojection (FBP) method, a 571x571 image with
38.7 cm field of view (FOV), matching the FOV of the MVCT images, was
reconstructed in MatLab™ [The MathWorks Inc., Natick, MA, USA]. The axial
scanning mode was used for simplicity of image reconstruction within MatLab™.
The normalized sinogram was first converted from the fan-beam to parallel beam
geometry using the built-in “fan2para” function. The inverse Radon Transform,
with Ram-Lak filter and linear interpolation (MatLab™ function “iradon”), was
then used to reconstruct images from the parallel beam sinogram that covered the
chosen FOV. The average pixel value for the pure liquid water plug in the image
of the RMI phantom without metal was used to convert the image pixels into the
CT numbers using Eq. (4.3). We call this method FBP-kVCT. We have just
installed modified software in the CT scanner that extends the CT number scale to
16-bits and also reduces the metal artifacts in CT images of the pelvic region

containing hip prostheses using the orthopaedic metal artifact reduction (OMAR)
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algorithm. These images, corrected by the scanner itself, will be called “OMAR

corrected images”.

4.2.4 NMAR with KVCT prior

The NMAR method requires a prior image for the sinogram normalization
step. In our case, a kKVCT prior image is obtained as follows. Firstly, the image is
reconstructed using FBP in the presence of metals. The image is then segmented
to obtain a metal only image using simple thresholding (>3000 HU as used in
Ref. 6). The metal only image is forward projected (MatLab™ function “radon”)
to identify the location and the projection data of metal in the raw sinogram. The
raw data in these locations is replaced using linear interpolation in the detector
channel direction from the surrounding data. This modified data is used to
reconstruct an image using the FBP method as described in previous section 4.2.3
(MatLab™ function “iradon”). The metal is placed back into the reconstructed
image from the metal only image. Secondly, in the tissue classification step, a
chosen constant value of -1000 Hounsfield Units (HU) is assigned to
pixels <-500 HU, a value of 0 HU is assigned to pixels -500 to 500 HU and
pixels >500 HU are left unchanged.>® This is the final prior image. This prior
image is forward projected to get a prior sinogram which is used to divide the
original raw parallel beam sinogram pixel-wise to obtain the ratio projection
sinogram. In the already identified regions that contain the projections through the
metal, the ratio projection values are replaced from the surrounding pixels using

linear interpolation in the detector channel direction. The ratio sinogram, after
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interpolation, is denormalized by multiplying with the prior sinogram. An image
is reconstructed from this denormalized sinogram using the FBP method
(MatLab™ function “iradon”), and the metal only image is reinserted to get the

final corrected image.

4.2.5 NMAR with MVCT priors

We obtained two different prior images from MVCT for each of the
phantoms discussed in section (4.2.2). One is obtained from FBP-MVCT and the
other from IMPACT-MVCT. Both of these images are first converted to pseudo
kVCT images using the CT number conversion table and linear interpolation.

The calibration table is obtained as follows. Two images of the RMI tissue
characterization phantom were obtained for each of the three methods: FBP-
MVCT IMPACT-MVCT, and FBP-kVCT. In the first image, the phantom
contained the various calibration inserts listed in Table | and two additional metal
calibration plugs [titanium (density 4.59 g/cm®) and steel (density 7.9 g/cm?)].
These metal rods of 1.27 cm diameters were embedded in the 2.8 cm, outer
diameter solid water inserts for the metal calibration. The particular choice of
lesser diameter size (1.27 cm is equal to half an inch) for metal inserts is chosen
by Gammex [Gammex Inc., Middleton, WI, USA] that manufactures RMI tissue
characterization phantom. Smaller diameter should have been chosen to minimise
the effect of variation of CT number within the metal insert (to reduce cupping
artifact). In the second image, the metal calibration inserts were replaced with

solid water inserts. The average CT number in the region of interest (ROI) within
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each insert is calculated. The image with metal inserts is used only to get the
average CT numbers of steel and titanium, whereas the average CT number for
the remaining tissue inserts are obtained from the image without metals. Thus the
calibration curves of FBP-MVCT vs FBP-kVCT, and IMPACT-MVCT vs
FBP-KVCT, are used to scale the corresponding MVCT images of the phantoms
containing large solid steel rods (2.7 cm diameter) into equivalent, pseudo kVCT
prior images.

The equivalent KVCT prior images are resized to 571x571 pixels (using
MatLab™ function “imresize” with “bilinear” interpolation) to match the kVCT
matrix. Further, the image is translated and rotated, if required, to match the steel
rod inserts with the corresponding inserts in the FBP-kKVCT image. These prior
images are directly used, without any tissue classification, to get the sinogram for
normalization and denormalization after the interpolation step in the NMAR
algorithm, as described above. The final corrected images, with two large steel
rods (i.e., 2.7 cm diameter) at the peripheral plugs of the phantoms, are analyzed
both qualitatively and quantitatively by comparing the profiles through the

various regions of the image.

4.2.6 Dosimetric evaluations

The TomoTherapy™ 'cheese phantom' is used for dosimetric comparisons
of the methods since a film can be placed inside it, and the delivered dose can be
measured. A radiotherapy treatment plan is created on the Eclipse treatment

planning system for a Varian Clinac 2100 EX linac [Varian Medical Systems,
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Palo Alto, CA, USA] and the same plan is applied to all three NMAR corrected
images (two with MVCT priors and one with kVCT prior). Two 6 MV,
5 x 10 cm? lateral parallel opposed fields (i.e., 90° and 270° gantry positions) are
applied through the centers of the steel inserts with an irradiation setting of 280
monitor units (MUs) for each field. The dose distribution is calculated using the
Anisotropic Analytical Algorithm (AAA) version 10.0.25 with heterogeneity
correction. AAA is commissioned using routine clinical procedure?® and no
particular modifications related to heterogeneity corrections are allowed in the
system. The CT number to density calibration tables extended for metals (titanium
and steel) are used. The FBP-kVCT image of the phantom without the steel
inserts is taken as the "gold standard” for comparison. The fixed CT number of
steel is patched (i.e., substituted) in the image for the corresponding metal regions
and the above treatment plan is applied. This image thus contains the correct CT
numbers for the tissue as well as the metal. The calculated dose in this reference
image is first compared with dose measured using a GAFCHROMIC® EBT?2 film
[Ashland, Covington, KY, USA]. The methodology of the dose measurement
using these films is described in the next paragraph below. The film is placed at
the center of the phantom in a vertical plane perpendicular to the beam directions.
Finally, the calculated dose distributions in the other corrected images (NMR with
FBP-MVCT, IMPACT-MVCT and FBP-kVCT priors) of the phantom containing
the steel rods are compared with the dose distribution in the reference image.
Since gafchromic film response is considered to be nearly independent of

the energy spectrum (GAFCHROMIC® EBT2 manual), the calibration procedure
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routinely used for TomoTherapy™ was employed. This procedure consists of
placing the film with 1.5 cm of solid water build-up on top, and delivering a
treatment resulting in 13 dose steps along the diagonal of the film. The same
treatment is delivered for a second time with an ion chamber in the exact position
where the highest dose step had been. Based on this ion chamber measurement the
dose for the other 12 steps is recalculated accounting for any daily dose
variations. The film is left over night to get developed and then digitized. The
digitized film is then opened in MatLab™ and the grey values for a square of
pixels (3x3) are averaged in the centre of each dose step. A graph of dose vs. grey
value is obtained with 14 points (the 13 dose steps and 1 background assumed to
be zero dose). These points are fitted with a 3" degree polynomial that yields the
calibration curve. Once this polynomial is obtained any grey value can be
converted into dose. The dose used in this study is within the dose range used in
the calibration curve.

To get a realization of a clinical scenario, an optimized “four field plan” is
created on the reference image with 5x10 cm? fields. Two clinical plans: “a rapid
arc” and “a seven field IMRT” optimized for two different prostate patients are
applied (as a verification plan) to all the corrected images to re-calculate the dose.
These three plans are also applied to the OMAR corrected image and the re-
calculated dose distributions are compared to the calculated dose distribution in

the reference image. A 6 MV beam is used in all the cases.
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4.3 Results
4.3.1 Image reconstructed using kVCT prior

Figure 4.1 shows the phantoms [Figs. 4.1(a) and 4.1(b)] used in the
experiment with the bilateral steel rods (indicated by the arrows). The
corresponding FBP-kVCT images have the steel rods replaced by solid water
[Figs. 4.1(c) and 4.1(d)]. The physical density and the electron density relative to
water of these inserts are listed in Table 4.1. Figure 4.2(a) shows the FBP-kVCT
image of the RMI phantom in Fig. 4.1(a) with steel rods which contains severe
streaking and shading. These artifacts are greatly reduced in the final NMAR
reconstructed image [Fig. 4.2(b)] that uses the k\VVCT prior image of Fig. 4.2(d).
The FBP image obtained using the regular PC method with linear interpolation is
shown in Fig. 4.2(c), which is tissue classified to get the kVCT prior image

[Fig. 4.2(d)].
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Figure 4.1. (a) RMI tissue characterization phantom and (b) TomoTherapy™ cheese
phantom; kVCT images of (a) and (b) without metal plugs in (c) and (d) respectively. The
physical properties of the inserts used are listed in Table 4.1. Either the steel inserts
[indicated by arrows in (a) and (b)], or water equivalent plugs were inserted in positions ‘1’
and ‘6’ to simulate a bilateral metal implant or artifact free images. The window width/level
of the CT images is 1500/0 HU.

Table 4.1. Physical density and electron density relative to water of the inserted plugs shown
in Fig. 4.1.

Label # Inserts Physical density Electron density
(g/cc) relative to water
1,2,3,6,18and 19 Solid water 1.018 0.989
5and 10 Solid water (cheese phantom) ~1.0 ~1.0
7 Liver 1.094 1.062
8 Adipose 0.941 0.924
9 Water 1.0 1.0
11 Lung (LN-300) 0.30 0.295
12 Inner bone 1.144 1.097
13 CB2-50% (CaCO03) 1.560 1.470
14 CB2-30% (CaCO03) 1.334 1.279
15 Brain 1.094 1.062
16 Cortical bone 1.823 1.695
17 Lung (LN-450) 0.46 0.445

20 Breast 0.979 0.956
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Most of the inserts including steel in the corrected image [Fig. 4.2(b)] are
deformed (arrows indicate the worst cases), in addition to the remaining shading
and secondary streakings. Importantly, the CB2-50% bone equivalent (location
13), the cortical bone (location 16) and the lung inserts (location 17) are deformed
the most. These tissues have among the larger deviations in CT numbers from the
CT number of water. When the first projection completion is made, the
interpolation step incorrectly replaces the attenuation information corresponding
to these tissues [bone and lung] in the rays that also pass through the metal. This
creates the secondary artifacts (blurring or clipping) at the edges of these
structures [see Fig.4.2(c)] which are not removed during the tissue
classification/segmentation step, as indicated by arrows in the image in
Fig. 4.2(d). In the tissue classified prior image [Fig. 4.2(d)], these information
losses are intact. Further, the segmentation/tissue classification step is also non
optimal and parts of the structures are misclassified [e.g. lung insert (LN-300) at
location 11, and CB2-50% bone equivalent insert at location 13]. This can be seen
from the erosion at the edges and within the regions of these tissues in Fig. 4.2(d).
Although first reconstructing using the general PC method is helpful to regain the
lost soft tissue information between the metal inserts (which would otherwise be
classified as air) in the original FBP image [Fig. 4.2(a)], some of the secondary

artifacts introduced are passed to the final image via the prior image.
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Figure 4.2. Original FBP reconstructed image of the RMI phantom (a) after correction with
NMAR method with KVCT prior (b). The image corrected by the regular PC method with
linear interpolation (c) is segmented to provide the prior image (d) for NMAR. The arrows
show distorted edges and eroded regions of the structures in the prior and final corrected
images. Image window width/level is 1500/0 HU. The inset shows the degraded area inside
the lung insert (location 11) for a different (500/-500 HU) window width/level.

Figure 4.3 shows the profiles through various regions of the corrected
image in Fig. 4.2(b), which are compared with the corresponding profiles in the
reference image. The reference image is the “gold standard” image, described in
section (4.2.6), patched with the fixed CT number for the steel rods. The loss of
edge information for the structures in the corrected image can be clearly seen

(indicated by arrows). The CT number in most of the pixels within and at the
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edges of the inserts (bone and lung) in the corrected image fluctuates and deviates
from the corresponding CT number in the artifact free reference image
[Fig. 4.3(a-c)]. A large variation in CT number (a "cupping artifact™) can be seen
inside the steel inserts in the corrected image [see Fig. 4.3(d)] that differ from the
calibrated values in the reference image. A large variation in CT number within a

solid cylinder provides incorrect information of electron density information.
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Figure 4.3. Profiles through various sections of the corrected image in Fig. 4.2(b) compared
with the corresponding profiles in the reference image. Arrows indicate the deformed edges,
eroded regions, and large deviation of CT number within the inserts in the corrected image.
The fluctuations are predominant in lung, bone and metal inserts. Inset in each panel shows
the line in the image along which the profile is taken.

4.3.2 Images reconstructed using MVCT priors
Figure 4.4 shows the original FBP [Fig. 4.4(a)] and IMPACT

reconstructed MVCT images [Fig. 4.4(b)] of the RMI phantom, their pseudo
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kVCT counterparts [Figs. 4.4(c) and 4.4(d)] or the prior images, and the final
corrected kVCT images [Figs. 4.4(e) and 4.4(f)] using these priors. Compared to
the original FBP image in Fig. 4.2(a), the streaking and shading in both the
corrected images [Figs. 4.4(e) and 4.4(f)] are largely reduced and the various
inserts are more clearly visible. In the prior image without correction [Fig. 4.4(c)],
there is a faint shading of lower CT number connecting the steel inserts. This
shading causes a similar light shadowing to appear in the final corrected image in
Fig. 4.4(e). In the IMPACT reconstructed prior image [Fig. 4.4(b)] and hence on
the final corrected image [Fig. 4.4(f)], this shading is absent. Although in both of
these images there are some remaining faint streaks originating from the metal
inserts, the edge information of the structures are almost intact. These streaks are
due to the greater noise present in the MVVCT prior images. Almost all the inserts,
including the metal ones, are circular. There are no eroded regions within the

inserts.
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Figure 4.4. (a) Original FBP reconstructed MVCT image of the RMI phantom (b) after
correction using modified IMPACT method. The transformed pseudo kVCT images (c) and
(d) from images (a) and (b), respectively, are used as prior images in NMAR technique to
reconstruct images (e) and (f) in kVCT. Most of the inserts in (e) and (f) are not deformed
and clearly visible. However, there are remaining subtle streaks and shadings that have
passed from the prior images. Image window width/level is 1500/0 HU.
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Figures 4.5 and 4.6 show the profiles corresponding to Fig. 4.3, for the
images in Figs. 4.4(e) and 4.4(f), each compared against the profiles in the
reference image. The profiles through the corrected image using MVCT priors
are nearly identical to the corresponding profiles in the reference image for all the
inserts. Although the profiles are noisier inside the inserts, the edges are intact in
the corrected image. One striking difference is in the profile through the steel
inserts compared to the profile in Fig. 4.3(d). The CT number within the steel

inserts is almost constant and very close to the reference value.
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Figure 4.5. Profiles through various regions of the image in Fig. 4.4(e) corresponding to
Fig. 4.3. The profiles in the corrected image are very close to the corresponding profiles in
the reference image for all the inserts including metal. Although the profiles are noisier
inside the inserts, the edges are intact in the corrected image. Inset in each panel shows the
line in the image along which the profile is taken.
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Figure 4.6. Profiles through various regions of the image in Fig. 4.4(f) corresponding to
Fig. 4.3. The profiles in the corrected image are very close to the corresponding profiles in
the reference image for all the inserts including metal. Although the profiles are noisier
inside the inserts, the edges are intact in the corrected image. Inset in each panel shows the
line in the image along which the profile is taken.

4.3.3 Images reconstructed using a commercial algorithm

The OMAR corrected image (512x512) of the RMI phantom is shown in
Fig. 4.7. The severe streaking and shading present in the image before correction
[Fig. 4.2(a)] are greatly reduced in the OMAR corrected image. However, residual
shading and new secondary artifacts are present in Fig. 4.7. Many inserts in the

image are deformed which are indicated by the arrows.
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Figure 4.7. Image of the RMI phantom corrected by the OMAR algorithm in the Philips CT
scanner. The arrows show distorted edges and eroded regions of the structures in the image.
Image window width/level is 1500/0 HU.
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Figure 4.8. Profiles through various regions of the image in Fig. 4.7 compared with the
reference image. Arrows indicate the deformed edges, eroded regions, and large deviation of
CT number within the inserts in the corrected image. The fluctuations are predominant in

lung, bone and metal inserts. Inset in each panel shows the line in the image along which the
profile is taken.
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The CB2-50% bone equivalent (location 13), the cortical bone (location 16) and
the lung insert (location 17), which have a larger deviation of CT number from the
CT number of water, are deformed the most. These inserts were also deformed in
the kVCT-NMAR reconstructed images in Fig. 4.2(b). However, unlike the
erosion from one side in the KVCT-NMAR images, there is erosion within large
regions of the inserts (bone and lung equivalent inserts) in the OMAR corrected
image in the direction connecting the steel inserts. There is a residual dark shadow
that connects the steel rods. There are additional bands of lighter shadow that
originate from the steel inserts.

Figure 4.8 shows the profiles through various regions of the corrected
image in Fig. 4.7 which are compared with the corresponding profiles in the
reference image. The reference image in this case is the CT scanner’s
reconstructed image of the phantom in which the steel rods are replaced by solid
water plugs. The average CT number of steel is artificially inserted in the location
of these solid water plugs in the reference image. The loss of edge information for
the structures and the fluctuation of CT number due to the remaining/secondary
artifacts in the corrected image are indicated by arrows. The CT number in most
of the pixels within and at the edges of the inserts (bone and lung) in the corrected
image fluctuates and deviates from the corresponding CT number in the artifact
free reference image [Fig. 4.8(a-c)]. The amplitude of these fluctuations is larger

in bone inserts (locations 13 and 16) in comparison to the corresponding profiles
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in Fig. 4.3. The large "cupping artifact" similar to the one in Fig. 4.3(d) can be

seen inside the steel inserts in the corrected image.

4.3.4 Dosimetric evaluations

Figure 4.9 shows the dose distributions computed on (a) the reference
image, (b) the image corrected using IMPACT corrected MVCT prior, (c) the
image corrected using FBP reconstructed MVCT prior, and (d) the image
corrected using kVCT prior. The isodose lines (325, 310, 250, 210, 190 and 150
cGy) are shown in the transverse isocentric plane. The isodose lines in Fig. 4.9(b),
and Fig. 4.9(c) are quite similar to the corresponding lines in the reference image
but are slightly shrunk (i.e., increase in the calculated dose) in the region between
the steel inserts. However, a large dissimilarity in dose distribution can be
observed between image 4.9(a) and the image corrected using KVCT prior
[Fig. 4.9(d)]. The innermost isodose line (190 cGy) is not visible in Fig 4.9(d).
The dose measured by gafchromic film at the isocenter of the fields is 165.5 cGy
whereas the calculated dose in the reference image at the same point is 171.2 cGy,
which is about 3.4% different. The estimated dosimetric uncertainty of the
gafchromic film measurement is about 2%. This estimate is based on the average
difference in the measured dose (by an ion chamber) from the corresponding dose
predicted by the calibration curve. The uncertainty depends on various factors
such as the digitization method used, scanner properties, color channel selection,

film orientation e.t.c.* Our single channel (Red channel) method does not make
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uniformity correction. The uncertainty resulting due to the variation of film grains

increases the magnitude of this uncertainty.

Figure 4.9. Comparisons of dose distributions for 6 MV 5 x 10 cm? parallel opposed fields
calculated on (a) the reference image, (b) the image corrected using an IMPACT corrected
MVCT prior, (c) the image corrected using a FBP reconstructed MVCT prior, and (d) the
image corrected using a kKVCT prior. The irradiation setting for both the fields is 280 MU.
The image window width/level is 1500/0 HU.

The calculated dose at the isocenter in the image corrected using
IMPACT-MVCT prior is 175.8 cGy, which is 2.7% higher than the calculated
dose in the reference image. Similarly, the dose at the isocenter in the FBP-
MVCT prior corrected image (180.1 cGy) is ~ 5% higher than the corresponding
dose in the reference image. The calculated dose at the same point in the corrected
image using kVCT prior (197.8 cGy) is about 15.5% higher than that of the

reference image. In addition, the light shadow in the lower half of Fig 4.4(f)



4 : NMAR in kVCT using MVVCT priors, a phantom study 118

caused only a 0.2% dose difference compared to the reference image for a single,
posterior 6 MV beam.

The comparison of the calculated dose profiles on the isocenter plane
along the line perpendicular to the line joining the steel inserts for both the
corrected and the reference image patched with steel inserts is shown in
Fig. 4.10(a). The dose profiles in the corrected images using MVCT priors are
closer to the reference image dose profile in comparison to the corresponding
dose profile in the image corrected using the KVCT prior. The deviation of the
dose is larger in the central pixels that fall in the ‘shadow’ of the steel inserts. The
cupping artifact [see Fig. 4.3(d)] inside the steel inserts provides lower electron
density incorrectly, especially towards the center of the inserts. This creates lower
attenuation for the beams, and higher doses are observed towards the center of the
beam. The image corrected with the IMPACT-MVCT prior has the closest
matching dose profile to the reference image. The existing difference between the
reference image and the images corrected with an MVCT prior is due to the
difference in the density at the edges of steel rods [Figs. 4.5(d) and 4.6(d)]. Due to
the larger partial volume effects in the MVCT images (256x256 images compared
to 571x571), the edge pixels of the steel inserts have lower CT numbers compared
to the theoretically assumed values in the reference image. In the uncorrected
MVCT prior image, the existing shadow connecting the metal further lowers the
CT numbers. Due to this the dose difference is slightly higher for the image using
uncorrected MVCT prior image. However, the maximum difference in the dose is

less than 5% and decreases to 2.7% when using corrected MVCT prior image.
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Figure 4.10(b) shows the profile in Fig. 4.10(a) for the reference image patched
with metal compared with the corresponding measured dose using gafchromic
film. The profiles are close to each other except at the center and at regions
indicated by arrows. There is inherent experimental uncertainty in the film dose
measurement. The dose calculated by the Eclipse treatment planning system in the
presence of metal could also be non optimal. Although a comparison to a Monte

Carlo calculation might be more definitive, it is beyond the scope of this study.
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Figure 4.10. (a) Variation of calculated dose within the 10 cm width of the beams at the
isocentric plane of the images in Fig. 4.9. The arrow shows the point of largest dose
difference relative to the dose in the reference image. The arrow in the inset image shows the
location and direction of the profiles in the image. (b) The calculated dose profile of the
reference image is compared with the measured dose measured using gafchromic film.
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4.3.5 Dosimetric evaluations of clinical plans on phantom images
The optimized four field plan (Relative weights: AP = 0.5, PA = 0.34, and
Laterals = 0.1) created on the reference image is shown in Fig. 4.11(a). The

planned target dose at the isocenter is 200 cGy.
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Figure 4.11. (a) The calculated dose distribution of a four field plan in the reference image.
(b) The calculated dose profiles along the arrow shown in the inset for various metal artifact
corrected images relative to the reference image.

Figure 4.11(a) shows the distribution of isodose lines in the reference image. The
comparison of the dose profiles for various artifact corrected images, normalized

to the isocenter dose in the reference image, is shown in Fig. 4.11(b). The dose
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profile for the OMAR corrected image has the largest deviation from the reference
image. This is due to the remaining dark shadow connecting the steel rods, large
erosion within the bone inserts and the large “cupping artifact’ inside the steel
rods in the image. The calculated dose at the isocenter in the OMAR corrected
image is 5.2% higher than that in the reference image. Similarly, the calculated
dose at the same point in the images corrected using kVCT prior, FBP-MVCT
prior and IMPACT-MVCT prior is, respectively, about 3%, 0.8% and 0.4%
higher than that in the reference image. The gamma evaluation on the normalized
dose distribution (with respect to planned 200 cGy dose at the isocenter) shows
the largest percentage of voxels (82.7%) passing an acceptance criteria of
2%/2.5mm in the image corrected using IMPACT-MVCT prior in comparison to
FBP-MVCT prior (82.5%), kVCT prior (69.2%), and in the OMAR corrected
image (58.5%).

The comparison of the dose distributions resulting from the re-calculation
of a rapid arc and a seven field IMRT plan on the images of the phantom is shown
in Fig. 4.12. The plans were previously optimized using the patient images and
contours in each case, and then simply copied to the various phantom images for
re-calculation of dose. The left column in Fig. 4.12 (panels a, b, c, d, e) is the
rapid arc plan whereas the right column (panels f, g, h, i, j) is the seven field
IMRT plan (gantry positions at 0, 55, 105, 135, 225, 255, and 305 degrees). The
rows in both the columns beginning from the top are the plans on the reference
image (a, f), the IMPACT-MVCT prior corrected image (b, g), the FBP-MVCT

prior corrected image (c, h), the KVCT prior corrected image (d, i), and the
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OMAR corrected image (e, j), respectively. The grid size displayed in the images
is1x1cm?

In Fig. 4.12, the distribution (shape and the spatial extent) of isodose lines
in the corrected images using the MVCT priors (second and third rows) is very
close to the reference image (first row). The images corrected with the kVCT
prior and using OMAR show larger deviations of isodose lines compared to the
reference image. The image corrected with the IMPACT-MVCT prior shows the
closest, and OMAR corrected image show the farthest match of the dose
distribution to the reference image.

In the rapid arc plan, the 95%, 100% and 105% isodose lines expand and
cover larger regions in the images corrected using kVCT prior [Fig. 4.12(d)] and
the OMAR [Fig. 4.12(d)] compared to the plan in the reference image
[Fig. 4.12(a)]. In these images, there are new areas with 105% dose which are not
present in the reference image. These changes are seen most pronounced in the
OMAR corrected image. The 105% isodose lines cover larger areas in the OMAR
corrected image and there is a small region of 107% isodose line. All these areas
of changed dose distribution with respect to the reference image are indicated by
arrows in Fig. 4.12. In the gamma analysis, the largest percentage of voxels
(99.2%) pass an acceptance criteria of 2%/2.5mm in the image corrected using
IMPACT-MVCT prior in comparison to FBP-MVCT prior (99.2%), KVCT prior
(98.6%), and in the OMAR corrected image (88.9%).

In the seven field IMRT plan, the 90%, and 95% isodose lines show a

pronounced change among the images. Similar to the rapid arc plan, the isodose
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lines are expanded and cover larger regions in the images corrected using kVCT
prior [Fig. 4.12(i)] and OMAR [Fig. 4.12(j)] compared to the isodose lines in the
reference image [Fig. 4.12(f)]. These changes are seen most pronounced in the
OMAR corrected image (shown by arrows). The gamma analysis shows 99.3% of
the voxels pass an acceptance criteria of 2%/2.5mm in the image corrected using
IMPACT-MVCT prior compared to FBP-MVCT prior (98.8%), kVCT prior

(88.2%), and in the OMAR corrected image (82.3%).
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Figure 4.12. Comparisons of dose distributions for a rapid arc plan (a-e) and a seven field
IMRT plan (f-j) optimized for prostate patients calculated on (a, f) the reference image,
(b, g) the image corrected using an IMPACT corrected MVCT prior, (c, h) the image
corrected using a FBP reconstructed MVCT prior, (d, i) the image corrected using a KVCT
prior, and (e, j) the OMAR corrected image. The doses are normalized to a prescription dose
of 200 cGy at the isocenter for both the plans. The image window width/level is 1500/0 HU.
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4.4 Discussion

Most of the published metal artifact reduction methods focus on
improving the visibility of structures in diagnostic CT images. Due to the
excessive beam hardening and photon starvation caused by metal, the CT
numbers of reconstructed metal pixels in the initial FBP images are incorrect. In
these methods, the metal segmented from the initial FBP image is replaced back
in the final, corrected image. The electron density in the implants in these images
is generally incorrect, and it must be overridden, either from a priori knowledge or
from data in an MVCT scan. The composition of the metal in the implants is
generally not available a priori. For the application of CT to radiation therapy
planning, both the correct outline of organs and the accuracy of the CT numbers
(and hence the electron density) in the images are important. The effectiveness of
a particular metal artifact correction method in radiotherapy, thus, relies on the
correctness of these two important aspects. MVVCT imaging can generally reduce
metal artifacts to a large degree and provide correct information on the location
and composition of metals, but suffers from lower soft tissue differentiability.
This study shows that an MVCT image can be used as a tool to obtain and transfer
accurate information about metal implants, as well as improve visual clarity of the
tissues in the kVCT image, provided a more accurate registration of MVCT and
kVCT images. Registration errors can always introduce secondary artifacts in the
corrected images. A systematic study to quantify those artifacts as a function of

registration error is beyond the scope of this thesis. We used two MVCT images
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without tissue classification to avoid segmentation errors: one without correction
and the other corrected using the model based statistical method. The corrected
images are thus better suited for radiotherapy.

There are remaining streaks in the corrected images using MVCT priors
that originate from metal implants and these are distributed radially. The forward
projection data of the MVCT prior image are noisy due to the inherently higher
noise in MVCT. As these data are used for normalization/denormalization in
NMR, the interpolated projection data in the regions corresponding to the
projections through the metal become noisy compared to the rest of the data. The
fluctuations at the edges of the interpolated data enhance these streaks.?® In the
MVCT image without correction, there is light shading connecting the metals
which introduces similar light shadow in the corrected kVCT image. This shading
can be nearly removed by using the corrected MVCT prior. There are a few
secondary streaks in the corrected kVCT image, most probably due to the non
optimal geometry of the MVCT system used in the IMPACT method.

Our study is limited to phantom images, and hence our method should be
further investigated with patient data containing hip implants and dental filings. In
general, the MVCT and kVCT systems are not available on the same gantry
system, and therefore patient positioning differences between the two systems can
create mismatch between the k\VCT and MVCT priors. Particularly, the mismatch
of high contrast structures (metallic objects, bone and air gaps) creates larger

difference in the sinogram of prior which creates stronger secondary artifacts.
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Further investigation using deformable registration between kVCT and MVCT
images is needed.

Our MAR technique, that uses MVCT priors without tissue classification,
has significantly improved the image quality and reduced the shading metal
artifact without tissue deformation compared to the existing NMAR technique as
well as the commercially available technique in the Philips CT scanner.
Moreover, our technique has restored the correct electron density of metal. The
radiation dose calculated in the images corrected by our method is closer to the

dose in the reference image.

4.5 Conclusions

The use of MVCT images without tissue classification, both with and
without artifact correction, as prior images greatly reduces the metal artifacts in
kVCT without deforming the structures. The light streaks originating from the
metals in the corrected images do not obscure the structures. The CT numbers for
both the metal and the other tissue inserts are close to the reference image and the
radiation doses calculated on these images are closer to the dose in the reference
image (within 2.7% and 5%, respectively with the corrected MVCT and
uncorrected MVCT priors). Although the kVCT prior creates far fewer streaks
than the MVCT prior, the KVCT prior creates structural deformation, edge
distortion, and large quantitative error in metal CT numbers. These result in large
deviation (~15.5%) of the radiotherapy dose at the isocenter compared to the

ground truth.
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CHAPTER 5 : NMAR in kVCT using MVCT priors, a patient

study

5.1 Introduction

In radiotherapy planning, kVCT images are used for the delineation of
tumours as well as organs at risk, and for the calculation of radiation dose based
on the electron density of tissues derived from the CT numbers. Therefore, the
visual reduction of artifacts caused by metal implants as well as the accuracy of
CT numbers becomes very important. The application of NMAR in kVCT with
MVCT priors showed great promise for the reduction of metal artifacts in
phantom kKVCT images.! Restoration of correct CT number of both the metals and
the tissue equivalent inserts as well as intact edge information of these inserts
have made the corrected images more useful for quantitative (more accurate
calculated dose and more accurate tissue delineation) and qualitative (lesser
secondary artifacts and better visualization) purposes. In the study presented in
chapter 4, there were some fine streaks, which emanate radially from the metallic
rods, present in the corrected images. In this chapter, we introduce a method to
further reduce these streaks. Also, we further evaluate our correction scheme as
applied to the cancer patient images for better tissue visualization and dosimetric
improvements. Since we saw very little difference (in dosimetry or visual clarity)
for both IMRT and Rapid Arc plans in the KVCT images corrected using
uncorrected or corrected MVCT prior, we use the uncorrected MVCT images as
prior information in this study. This dramatically reduces the image correction

time since we avoid the computationally extensive step that corrects MVCT
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images. We call this NMAR approach the MVCT-NMAR method which uses the
uncorrected MVCT prior image in the correction process.

In this study we used five patients in total: three with dual hip implants (all
male with prostate cancer), one with a single hip implant (female with
gynecological cancer), and one with dental fillings (male with head and neck
cancer). Ethics approval for the study was obtained from Alberta Health Services.
Only the image data of the patients are used in the study keeping all other patient

information anonymous.

5.2 Methods
5.2.1 Streaking reduction

Figure 5.1 shows the flow diagram of the MVCT-NMAR algorithm. The
corrected image is used as the prior image in an iterative scheme which reduces
these remaining streakings. We have used three iterations (the final corrected
image is the third time corrected image) as this degree of processing shows

sufficient reduction of the streakings.
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Figure 5.1. Flow diagram showing the MVCT-NMAR technique. In the corrected image, the
metal pixels are set to zero and used again as the prior image in an iterative fashion to
reduce the fine streakings. Metal pixels are inserted back in the final corrected image. Three
iterations are used in this study.

5.2.2 Image reconstruction

The kVCT scanner that we used for all patient studies was a Philips Big
Bore™ system. Patients were scanned in helical mode (source-detector rotating
around the patient on an axially moving couch) with the following settings: 120
kVp, 500 mAs exposure for pelvic region (350 mAs for head and neck), 16x1.5
collimation, and 0.688 pitch. The 512x512 images were reconstructed with 3mm
nominal slice thickness. Two sets of images, one uncorrected and the other
corrected using the orthopaedic metal artifact reduction (OMAR)? algorithm were
obtained from the same raw data. Both of these image sets contain pixels with

16-bit CT numbers and the reconstruction takes place within the system software.
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All kVCT patient studies were part of the normal radiotherapy workflow and did
not incur either additional patient dose or appointment time.

In this study, the original sinogram in Fig. 5.1 is obtained by forward
projecting (using MatLab™ function radon) the uncorrected kVCT image (the
map of CT numbers) in MatLab™ with pseudo-parallel beam geometry. This
approach is chosen for two reasons. First, the actual fan-beam geometry including
detector pitch may be present in the header of the raw data files of the system, but
it is the proprietary information of Philips which is not accessible without a full
non-disclosure agreement. The raw data of the detectors itself was accessible as it
was used in the attenuation measurements in Chapter 3. Second, the metal
sinogram and the prior sinogram must be obtained artificially from MVCT
images by forward projecting a metal image and a prior image that need accurate
geometry information for the TomoTherapy™ system. If the same pseudo-parallel
beam geometry is used for both systems, then the error associated with
geometrical mismatch or misinterpretation of the proprietary fan-beam geometry
can be eliminated.

As a routine clinical protocol, the MVCT images (512x512) were acquired
in TomoTherapy™ MVCT with a nominal slice thickness of 4 mm, although
nominal slice thicknesses of 2 mm and 6 mm are also available. The patient in
MVCT is scanned several days after taking the k\VCT scan. Furthermore, the field
of view (FOV) of MVCT and kVCT is generally different as the FOV for kVCT
varies from patient to patient while the FOV for MVCT is fixed at ~40 cm. The

3D MVCT image set is registered with the uncorrected 3D kVCT image set using
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a rigid registration (applying rotations and translations in 3D). Then the image
slices from the 3D MVCT image data are created at the corresponding locations
of kVCT image slices using a linear interpolation in the axial direction. Finally,
the MVCT images at the new slice locations are transformed to pseudo-kVCT
images by using the CT number vs density calibration tables for MVCT and
kVCT used in the clinic. The process involves changing MVCT images to tissue
density images using the MVCT calibration table, and then changing density
images to pseudo-kVCT images using the kVCT calibration table. These tables
contain materials ranging from air to high density metal (dental amalgam).

Two separate images are obtained from each pseudo-kVCT image using
thresholding: a metal image in which the “metal pixels” with CT numbers > 3000
remain unaltered while all other pixels are set to zero, and a prior image with all
the “metal pixels” set to zero and all other pixels unaltered. Thus the metal image
and the prior image now have the same FOV and same size as the original
uncorrected KVCT image. Forward projection (MatLab™ function radon) of the
metal image and the prior image give the metal sinogram and the prior sinogram,
respectively. The original sinogram (forward projection of the original,
uncorrected KVCT image) is pixel-wise divided by the prior sinogram to get a
normalized sinogram. The metal sinogram is used to identify the location of metal
in the normalized sinogram. The projection data in these locations are replaced
with the linearly interpolated data of the normalized sinogram in the detector
channel direction from the surrounding data. The normalized sinogram after

interpolation is denormalized by multiplying it pixel-wise with the prior
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sinogram. These steps of normalization, interpolation and denormalization have
been shown to reduce the secondary artifacts in the corrected image.® The
denormalized sinogram is now used to reconstruct the corrected image (using the
MatLab™ function iradon) after which the metal image is patched back into the
corrected image to insert the metal information. In the second iteration, this
corrected image is put into the iterative loop where the metal image and the prior
image are now constructed by using thresholding in exactly the same way we
described above. After two more iterations (3 including the first corrected image),
the final corrected image is obtained.

5.2.3 Dosimetric evaluations

In our clinic, patients having pelvis disease and dual hip prostheses are
often treated on TomoTherapy™ Hi-Art machines using OMAR corrected KVCT
images for planning purposes. An inverse plan is created and optimised in the
TomoTherapy™ treatment planning system with beams blocked through the
prostheses, i.e., when the prosthesis is in the beam’s eye view of a beamlet, the
beamlet weight is set to zero.

In this study we used the image set of patient no 3, a prostate cancer
patient with implanted dual hip prostheses, for the dosimetric evaluations. The
prescription dose was 78 Gy with the constraint that 100% of the PTV should
contain 95%-105% of the prescription dose. Two plans, one with the beams
blocked through the prostheses and the other unrestricted, were generated and
optimized on an OMAR corrected image set. Those two plans were then applied

on an MVCT-NMAR corrected image set utilized as a delivery quality assurance
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(DQA) phantom and the dose distributions were recalculated. Then, the dose
distributions as a function of image correction method (OMAR vs
MVCT-NMAR) as well as a radiotherapy plan type (blocked vs unblocked) were

evaluated.

5.3 Results
5.3.1 Image quality evaluation

Figure 5.2 shows the images of prostate cancer patient no. 1 with dual hip
prostheses. Figure 5.2(a) shows the uncorrected image which contains severe
streaking and shading. These artifacts are significantly reduced in all the corrected
images: the OMAR corrected image [Fig. 5.2(b)] and the MVCT-NMAR
corrected image with one iteration [Fig. 5.2(c)] or three iterations [Fig. 5.2(d)].
However, there are important differences among these corrected images. The fine
streakings in Fig. 5.2(c), emanating from the implants and distributed radially, are
reduced in Fig. 5.2(d). In the OMAR corrected image [Fig. 5.2(b)], there is a band
of dark shadow connecting the hip implants. Above and below this band are
horizontal bands of bright shadow which obscure a part of the bladder and its
interface with surrounding structures including rectum (arrow 1). Besides, there
are other bands of bright and dark shadow oriented in various directions. Parts of
the high contrast bony anatomy close to the implants in Fig. 5.2(b) are missing
(arrow 2). Also, some of the soft tissue structures close to the implants are blurred

(arrow 3). Due to this blurring one cannot resolve two closely located tissue
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structures. All of these artifacts are greatly reduced, in fact are removed, in the

MVCT-NMAR corrected image in Fig. 5.2(d).

Figure 5.2. (a) Original uncorrected image (b) OMAR corrected image, MVCT-NMAR
corrected images after (c) one iteration and (d) three iterations. The streaks present in (c)
are successfully removed in (d). In (b) arrows 1, 2, and 3 show an obscured region anterior to
the bladder-rectum interface, lost bone information, and blurred soft tissue close to metal
implant, respectively. All of these artifacts are removed in (d) shown by the respective
arrows.

Similar results are seen in the image of patient no. 2 [Fig. 5.3], a prostate
cancer patient with dual hip implants. A band of dark shadow connecting the
implants can be seen along with other bands of bright and dark shadows in the
image corrected by the OMAR algorithm. The two horizontal bright bands that we
saw in Fig. 5.2, above and below this dark band, are also present in this image.
Moreover, about 50% of the bladder pixels have higher than normal CT numbers
due to the bright band whereas the other 50% of pixels have lower CT numbers.

This results in an incorrect density map in the same structure (bladder). These
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artifacts are significantly reduced in the MVCT-NMAR corrected image where
tissue structures and their interfaces, mainly in the bladder/rectal area, can be seen

more clearly and have more accurate CT numbers.

Figure 5.3. (a) OMAR corrected image and (b) MVCT-NMAR corrected image of a prostate
patient with dual hip implants. In (a) arrow 1 shows part of the bladder with higher CT
number and arrow 2 shows an obscured region near the bladder-tissue interface. These
artifacts are removed in (d) shown by the respective arrows.

To see the effect of artifact reduction in the planning target volume (PTV),
the area that contains the highest radiation dose, we compared the corrections in
four successive image slices (of patient 2) which contain prostate, bladder and
rectum. The image slices corrected by the OMAR algorithm [first row in Fig. 5.4]
contain band and streaking artifacts that obscure the prostate and its interface

(indicated by arrows 1) with bladder or rectum. In each corresponding slice of the
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MVCT-NMAR corrected image, prostate is seen very clearly within clear
surroundings. The bladder in the OMAR corrected images [Fig. 5.4(a) and (d)]
has higher CT number (arrow 2) and cannot be distinguished from the prostate.
But these shortcomings are improved in the MVCT-NMAR corrected images
[Fig. 5.4(c’) and (d’)]. In all four slices of the OMAR corrected image
[Fig. 5.4(a-d)], large regions in the pubic bone are eroded (arrows 3) whereas they

are intact in the MVCT-NMAR corrected images [Fig. 5.4(a’-d’)].

Figure 5.4. Four successive image slices of patient no 2 showing prostate, bladder and
rectum. The images in the top row (a-d) are corrected by the OMAR algorithm and those in
the bottom row are corrected using the MVCT-NMAR method. In the OMAR corrected
images, arrows 1 show an obscured region near the prostate-bladder or prostate-rectum
interface, arrows 2 show bladder with higher CT number and arrows 3 show eroded bone
regions. These artifacts are removed in the MVCT-NMAR corrected images making tissue
structures more visible.

The corrected images of patient no. 4, the patient with gynecological
cancer and bearing single hip prosthesis, are shown in Fig. 5.5. In comparison to
the images of patients with dual hip prostheses, the images corrected by the
OMAR algorithm contain fewer areas with band and streaking artifacts. However,
the blurred soft tissue structures (arrow 1), eroded bone (arrow 2) and bright band

of artifact (arrow 3) below the implant that extends horizontally are still there.
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Particularly, this bright band obscures the tissues and their interfaces in the
bladder/rectum region. These artifacts are removed in the MVCT-NMAR
corrected image, making it better suited for tissue visualization and obtaining

accurate CT numbers for anatomical structures.

Figure 5.5. (a) OMAR corrected image and (b) MVCT-NMAR corrected image of a female
patient with a single hip prosthesis. In (a) arrow 1 shows blurred soft tissue close to the
implant, arrow 2 shows eroded bone, and arrows 3 show obscured regions near
bladder-tissue-rectum interfaces. These artifacts are removed in (b) as shown by the
respective arrows.
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(a) One slice

Figure 5.6. Two successive image slices of a head and neck patient with dental implants: (a)
uncorrected images; (b) OMAR corrected images; and (c) MVCT-NMAR corrected images.
In (b) for both slices arrow 1 shows remaining artifacts, arrow 2 shows false bony anatomy,
and arrow 3 shows a false air gap. These artifacts are removed in (c) as shown by the
respective arrows.

The images for two successive slices of a head and neck cancer patient
containing dental implants (patient no 5) are shown in Fig. 5.6. There are very
bright and very dark streakings in the uncorrected images, some of which are
reduced but still present in the images corrected by the OMAR algorithm
(arrows 1). There are areas in the image containing false bone (arrows 2) or a
false air gap (arrow 3). In the MVCT-NMAR corrected images these artifacts are
significantly reduced.

The images corrected by MVCT-NMAR images are slightly blurred
compared to the OMAR corrected images. This is partly because® the OMAR
corrected image uses the original raw sinogram whereas we have used generated
sinogram by forward projecting the original uncorrected image for

MVCT-NMAR method. The other reason could be due to the nature of image
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correction technique* that OMAR adds an error image to the original uncorrected
image whereas MVCT-NMAR corrects the sinogram itself before using it for the
image reconstruction.
5.3.2 Dosimetric evaluations

Figure 5.7 shows a comparison of dose distributions in MVCT-NMAR
corrected and OMAR corrected images for an unblocked beam plan. The plan is
optimised in the OMAR corrected images of patient no. 3, a prostate cancer
patient with implanted dual hip prostheses. The comparison of differential dose
histogram within the PTV in two corrected image sets is shown in Fig. 5.7(a). A
relative shift in the distribution (indicated by an arrow) can be seen in the figure,
showing the existing difference. This difference results from the fact that the
metal information inside the implants in the OMAR corrected images is incorrect
because of a large cupping artifact present inside a solid implant.® This artifact in
the OMAR corrected image incorrectly lowers the density of metal in these
corrupted voxels. With the more accurate higher density of metal in the
MVCT-NMAR corrected image, the beam gets attenuated more before reaching
the PTV and hence we observe a lower dose (the shift is towards the lower dose in
the differential dose histogram) in the MVCT-NMAR corrected image.
Figure 5.7(b) shows the dose profile comparison along a line through the image,
as indicated in the inset. There is a lower dose in all the voxels within the PTV in
the MVCT-NMAR corrected image compared to the dose in the OMAR corrected

image. Although the dose difference is only about 1%, this difference can become
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larger if a larger implant or higher density metal or both are present in the image

slice containing PTV.
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Figure 5.7. (a) Differential dose histogram in the planning target volume (PTV) showing the
difference in dose of image sets corrected by the MVCT-NMAR and OMAR algorithms for a
radiotherapy plan created without blocking the beams through the prostheses. The plan was
optimized on an OMAR corrected image set and recalculated on an MVCT-NMAR
corrected image set. (b) The dose profiles through the PTV of these images (along a line
shown in the inset) show a small (shown by arrow) but constant dose difference. The
difference results from the lower CT number inside the metal prostheses and in the shaded
region between them in the OMAR corrected images.

The dose profiles in the MVCT-NMAR corrected image for the plans with
blocked and unblocked beams through the prostheses are shown in Fig. 5.8 for
two image slices that contain the PTV. We chose the MVCT-NMAR corrected
images for this purpose because the CT number of both metal and tissues are
more accurate in these images compared to the OMAR corrected images.® In both
Fig. 5.8(a) and Fig. 5.8(b), the dose within the PTV is basically the same for both
the plans. However, a large difference in dose can be seen in almost all the voxels
just outside the PTV. The dose in these voxels in the blocked beam plan is always
higher than in the unblocked beam plan. In Fig. 5.8(b), a point in the pubic bone
(see the inset image) shows 59.23 Gy dose in the blocked beam plan compared to

52.51 Gy dose in the unblocked beam plan, which amounts to a 12.8% increase in
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dose in the blocked beam plan. Above and below this point, the dose differences

are similar. In fact, almost all the slices containing PTV showed this trend.
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Figure 5.8. (a) Dose profiles through a slice containing PTV, along a line as shown in inset, in
the image corrected by MVCT-NMAR using two plans (one with beams blocked through the
prostheses and the other with beams unblocked) showing significantly higher dose outside
PTV in the blocked beam plan compared to the dose in unblocked plan. (b) Similar dose
profiles in another slice containing pubic bone where there is 12.8% higher dose in the
blocked beam plan compared to the unblocked beam plan. Inset in (a) is the dose
distribution image whereas the inset in (b) is the CT image.

5.4 Discussion

Both the visual appearance and the accuracy of CT number information
are necessary for radiotherapy treatment planning. In previous studies®’ with
OMAR, it was pointed out that the only major benefit of OMAR comes from its
better visualization of the structures (in radiotherapy planning where the beams
were not passing through the metallic implant) so that the tissues could be
delineated with increased confidence. In this study, we showed that the patient
images corrected using the MVCT-NMAR method contain more accurate
information, and have far fewer secondary artifacts compared to the image
corrected by the commercial OMAR algorithm. In patients having either a single
or dual hip prosthesis, the secondary artifacts in the OMAR corrected images

obscure parts of the tissue structures. These artifacts can make it hard to identify
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tissue boundaries. In radiotherapy treatment planning, it is vital that we correctly
outline the planning target volume containing tumor as well as the surrounding
tissues or the organs that are healthy. The blurring in soft tissue and eroded bony
anatomy can lead to a false delineation. The OMAR algorithm makes a prior
image using thresholding and segmentation from the original kVCT image, in a
very similar way as the general normalized metal artifact reduction (NMAR)
technique does. In earlier studies,®° the erosion of a high contrast structure like
bone is shown to be present in NMAR corrected images, and other studies have
shown!® that these artifacts stem from the non-optimal prior image. Our
observation of the erosion of bony anatomy in OMAR corrected images is
consistent with those studies in NMAR. In the patient with dental implants,
significant amounts of artifact are still present in the OMAR corrected images that
were present in the uncorrected image. This makes images less useful for
diagnostic and tissue delineation purposes. In our clinical practice for head and
neck patients, these artifacts need manual delineation and density setting to that of
water. In all the patients, the images corrected by MVCT-NMAR do not contain
these artifacts (blurring of tissues, obscuring of structures, erosion of bones,
remaining primary artifacts) making them more useful for radiotherapy treatment
planning.

In the clinic, beams are usually not passed through the metallic prostheses
because of the lack of correct information of metal in kVCT images. Earlier
evaluation study’ of the OMAR algorithm in the patients with pelvic region

cancers showed a clinically insignificant difference in the dose distribution
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between the images corrected by OMAR and an uncorrected image where the
artifact region was overridden by the density of water. The IMRT plan evaluated
in the study had beams arranged not to pass through the implants. In our case, the
small pilot study showed that the dose outside the PTV is demonstrably higher in
the treatment plan that avoids the beams through prostheses, in comparison to the
unrestricted beam plan in TomoTherapy™ planning. The OMAR technique does
not restore the lost information inside the metal implants! due to the metal
artifacts and hence any radiotherapy plan that consists of beams passing through
the prostheses can have large dose difference compared to the dose in an ideal
image. The density of metal inside the patient can only be found from MVCT
imaging as KVCT attenuation data is completely inaccurate due to photon
starvation as described in Chapter 3. If the correct information of metal is
obtained, as is the case in MVCT-NMAR corrected images, the dose outside the
PTV can be significantly reduced when the beams are not blocked through the
prostheses. A large dose in the healthy tissues (around 59 Gy) can be reduced (to
around 52 Gy) so that damage to the healthy tissues is less. Thus, MVCT-NMAR
corrected images can provide two major benefits in radiotherapy treatment
planning compared to the commercially corrected (with OMAR) images: (1) more
accurate diagnosis or more accurate delineation of tumor/tissue structures due to
better visualization and fewer secondary artifacts, and (2) more accurate dose
distribution in addition to significantly lower dose in healthy tissues yet optimally

covering the planning target volume.
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In this study, we used MVCT and kVCT images from two different
scanners requiring that patients be scanned at two different times. Rigid
registration of the 3D image sets was used to obtain prior images. In this scenario,
it is very likely that significant anatomical changes in terms of tissue shape, size
and position can occur between two scans. A patient’s body is not perfectly rigid
and mismatch in the position and orientation of metallic implants due to patient
positioning differences can result in registration differences between MVCT and
kVCT images. Furthermore, the regions containing air or gas (rectum, oral cavity
etc.) can easily change their positions. Moreover, there is a relatively larger partial
volume effect in the axial direction (along the slice thickness) in the MVCT
images due to an increased slice thickness. All of these changes can introduce
significant secondary artifacts in the MVCT-NMAR corrected image due to a
reduction in “closeness” of the prior image from the correct image. This is
because the closeness of the prior image to the actual object in this type of
correction scheme (normalized metal artifact reduction®) is critical*® to the
success of metal artifact reduction. The use of deformable registration and a
similar slice thickness for MVCT and kVCT may reduce these uncertainties, and
future studies employing these strategies should be conducted. However the
improvements in the MVCT-NMAR corrected images presented in this study
strongly support the development of an MVCT imaging modality sharing the

same gantry with a kVCT imaging unit.
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5.5 Conclusions

The use of MVVCT images to correct kVCT images in the MVCT-NMAR
technique greatly reduces metal artifacts, avoids secondary artifacts, and makes
patient images more useful for accurate dose calculation in radiotherapy. These
are significant improvements over the commercial correction method, and can be
realized provided a correct registration of the MVCT and kVCT images is
achieved. A large dose reduction is possible outside the planning target volume
(e.g. 52.5 Gy vs 59.2 Gy in pubic bone for a prostate cancer patient) when
MVCT-NMAR corrected images are used without constraining beams to avoid
prostheses in TomoTherapy™ treatment plans. Thus the use of MVCT-NMAR
corrected images in radiotherapy treatment planning could be beneficial and may

raise the quality of cancer treatment for patients having metallic implants.
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CHAPTER 6 : Conclusions and future work

6.1 Conclusions

Computed tomography (CT) in radiotherapy treatment planning is mainly
used for two purposes: to delineate tumors and organs at risk, and to obtain the
electron density distribution required for radiation dose calculation. High
density/high atomic number metallic objects create shading and streaking in the
CT image, often termed metal artifacts. Metal artifacts may lead to missing or
false anatomical information, create an impediment for proper visualization of the
internal structures of interest, and provide incorrect electron density information
in some voxels of the image. This can cause an inaccurate delineation of
anatomical structures or inaccurate radiation dose calculation, resulting in poorly
designed treatment plans. The American Association of Physicists in Medicine
(AAPM) task group report#63 suggests that 1%-4% of cancer patients’
diagnosis/treatment can be adversely affected by the presence of metallic implants
such as hip prostheses, dental fillings and other such medical implants. Hip
prostheses and dental fillings pose a serious problem for radiotherapy treatment
planning of pelvic, and head and neck region cancers.

We designed studies to understand these metal artifacts and developed
techniques for reducing them in both MVVCT and kVVCT images; with the goals of
minimising the introduction of secondary artifacts so that the corrected images
could be used in radiotherapy with increased confidence to delineate the tissue
structures, and to obtain more accurate electron density information of not only

the tissue structures but also the metallic implants.
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Our study in chapter 2 demonstrates the importance of model based image
reconstruction in two MVCT systems for metal artifact reduction. The study
shows that given accurate geometrical information of the CT scanner and the
photon beam spectrum, the shading metal artifacts can be almost completely
removed in MVCT images using an iterative reconstruction algorithm such as
IMPACT. The error in CT number, and consequently the error in electron density,
is significantly reduced by this method. The difference in the electron density in
the plexiglass background is < 1%, and it is < 3% averaged over the range of
electron densities (0.295 - 1.695 relative to water) investigated. However, the
accurate modeling of detectors’ energy dependent response and a model for the
energy dependence of relevant photon interaction processes are found to be
crucial for the successful implementation of the method.

The study in chapter 3 shows that photons reaching the kVCT detector are
either so low in number that the signal measured has large quantum noise, or that
the photons are completely absorbed inside the attenuating plate so that the
discrete quantization levels become visible in the plot of measured attenuation vs
views, for steel thickness greater than or equal to 13 mm. This is the condition of
photon starvation. Therefore, the measured signal does not follow the signal
model used in the IMPACT algorithm. As such, the modified IMPACT technique
that uses a realistic signal model for the measured data can not model photon
starvation, nor can we introduce any model for this effect. The practical size of a

steel hip implant is at least 13 mm and hence we can not apply a model based
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method like modified IMPACT to reduce metal artifacts in kVCT for higher
density implants.

In chapter 4, we used prior information from MVCT images to correct
artifacts in KVCT. The study shows that the use of MVVCT images without tissue
classification as priors, both with and without artifact correction, greatly reduces
metal artifacts in kVCT without deforming anatomical structures. The light
streaks originating from the metals in the corrected images do not obscure the
structures. The CT numbers for both the metal and the other tissue inserts in the
RMI phantom are close to the reference image (the metal artifact-free image
reconstructed in the absence of metal, but with the metal information artificially
patched). The radiation doses calculated on these corrected images are closer to
the doses in the reference image; within 2.7% and 5%, respectively, with
corrected MVCT and uncorrected MVCT priors in a parallel opposed beams plan.
Although the kVCT prior creates far fewer streaks in the corrected image than
does the MVCT prior, the kVCT prior creates structural deformation, edge
distortion, and large quantitative error in metal CT numbers. These result in large
deviation (~15.5%) of the radiotherapy dose at the isocenter compared to the
corresponding dose in the reference image.

Finally, in chapter 5, we applied the algorithm developed in chapter 4 to
four patient images containing single or bilateral hip prostheses, and a patient with
dental fillings. We also modified the algorithm in chapter 4 to further reduce the
remaining fine streaks (we called the modified algorithm MVCT-NMAR

technique). The use of MVCT images to correct kVCT images in the
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MVCT-NMAR technique greatly reduces the metal artifacts, avoids secondary
artifacts, and makes patient images more useful for accurate dose calculation in
radiotherapy. These are significant improvements over the commercial OMAR
correction method and depend upon accurate registration of the MVCT and kVCT
images. The remaining and the secondary artifacts such as the blurring of soft
tissues, erosion of bony anatomy, false bony structures or air gaps, and large
cupping artifact inside metal implants present in the commercially corrected
images are removed in the images corrected using our MVCT-NMAR method.
Large dose reduction is possible outside the planning target volume (e.g. 52.5 Gy
vs 59.2 Gy in pubic bone for a prostate cancer patient) when these MVCT-NMAR
corrected images are used without requirement that beams avoid passing through
prostheses in TomoTherapy™ treatment plans. Thus the use of MVCT-NMAR
corrected images in radiotherapy treatment planning could be beneficial and may

raise the quality of cancer treatment for the patients having metallic implants.

6.2 Future work

In this project, we evaluated a very small number of patients. With a large
number of patients, statistical evaluation (using the chi-square test or Wilcoxon
signed rank test) and receiver operating characteristics (ROC) analysis of the
visual clarity of the corrected images would be possible with the involvement of
radiologists/radiation oncologists. A comparative study of the changes in the dose
distribution with changes in the volume of the PTV and organs at risk due to

artifact correction could be undertaken with the commercially corrected images.
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Our finding of increased dose outside PTV in chapter 5 suggests that statistical
evaluation of the change in dose due to the directional beam blocks be made in a
large number of patients. This evaluation can be extended to other treatment
planning methods (such as IMRT, Rapid Arc etc.). The dosimetric evaluations
could be made in other areas (such as the head and neck region) in addition to the
pelvic region. A reduction of the slice thickness of MVCT images to reduce the
partial volume effect (and hence to reduce registration errors) requires ethics
approval. Deformable rather than rigid registration of the MVCT images might
also reduce the registration errors.

The major limitation in applying our method using state of the art
radiotherapy equipment and treatment protocols stems from the registration error
between MVCT and kVCT images. So, future studies could profitably be
focussed on developing a modality or extending existing radiotherapy equipment
for the purpose of acquiring MVCT and kVCT images simultaneously, preferably
using the same gantry, so that the registration issue could be completely removed.
The addition of a KVCT scanner to a TomoTherapy™ system (at a right angle to
the MVCT beam, as planned originally), or the development of MV cone beam
CT using the existing flat panel porter imager of a Varian™ linac in conjugation
with an on-board imager represent two possibilities for extending existing

resources.



