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Abstract

Hybrid Linac-MR systems are becoming more mainstream for use in external beam radiotherapy
treatments for cancer patients. The addition of an MR scanner to a linear accelerator (Linac) can
allow for real-time structure tracking (such as a tumour) and on-the-fly adjustments of the
radiation beam. This will allow for smaller treatment margins meaning more healthy tissue will
be spared from irradiation. While MR provides superior soft-tissue contrast compared to other
modalities, typical methods used are computationally expensive and require complicated setups

or are otherwise too slow for real-time applications.

The work proposed here utilizes a sliding window, Principal Component Analysis (PCA) in the
temporal domain along with undersampled data from previously acquired frames in the sliding
window to fully reconstruct the final frame within this window. Data is acquired such that a core
set of phase encodes, located in central k-space, is acquired in every frame. PCA is performed on
this data in order to characterize the temporal change in k-space. Outside of this core, the outer
k-space is acquired in such a way that all of k-space is covered within a pre-determined number
of frames. The principal components, which are continuously updated over an imaging session,
are combined with the undersampled data to calculate weights which are used with the acquired

data of the frame of interest to fill in the missing data.

The method was tested retrospectively on 15 fully-sampled data sets of lung cancer patients
acquired on a 3T MR scanner. A subset of six data sets was tested to determine the ability to
contour a structure on the reconstructed images. The contours were developed using auto-

contouring software and compared to contours developed on the original fully-sampled data sets.



Due to changes in signal-to-noise ratio found at different MR field strengths, the algorithm was
tested to determine the effects of added noise. Six data sets were used to retrospectively test the
algorithm at noise levels of 2, 4 and 6 times greater than those calculated on the original 3T data.
The reconstructed images were again tested for overall image quality as well as the ability to

contour a structure on the reconstructed images.

Previous work has utilized PCA corresponding to the spatial domain (intra-frame PCA method)
to reconstruct images. The principal components were calculated from a database of fully-
sampled images acquired just before the treatment. Initially the method worked very well,
however as the imaging session progressed, image quality and contour metrics showed
deterioration. Comparisons were made between this method and the one proposed in this work in
order to test the robustness of the method. While the intra-frame method appeared to perform
better initially, the through frame method maintained consistent metrics throughout an imaging
session and performed better as time went on. This through frame PCA method appears to

remain robust even at high acceleration rate and low SNR values.
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Chapter 1

Introduction

1.1 Thesis Organization
The focus of this thesis is the use of Principal Component Analysis (PCA) to assist in the

reconstruction of undersampled data for use in real-time magnetic resonance imaging (MRI).

The goal of this work is to investigate the feasibility of this MRI method for use on hybrid Linac-
MR systems. Chapter 1 provides a background into the hybrid Linac-MR system including the
components, external beam radiotherapy (EBRT) and MRI. Some motivations for this work and
an introduction to PCA are also discussed. Chapter 2 focuses on the development of our method
and testing through retrospective analysis on fully-sampled 3T data and the corresponding
results. Chapter 3 investigates the effects of added noise on the method. The investigation on the
effects of added noise is important due to the increased noise found in MRI at lower field
strengths. Chapters 2 and 3 demonstrate the robustness of the proposed method over a range of
field strengths. This will allow the method to be applied broadly. Finally, Chapter 4 provides the

conclusions drawn from this research and provides suggestions for future work.

1.2 Background

As 0f 2019 an estimated 1 in 2 Canadians will develop cancer in their lifetime.! It is further
estimated that 1 in 4 Canadians will die from cancer.! Lung cancer is the most prevalent cancer
in Canada accounting for 13% of all cancer cases and 26% of all cancer deaths.! On top of the
physical toll that cancer takes, there is also a large economic burden. One study found that the

economic costs of cancer have risen from $2.9 billion in 2005 to $7.5 billion in 2012.?

There are three main treatment options when one is diagnosed with cancer and these methods are
often combined over the course of a patient’s treatment. The methods used in treatment are
surgery, chemotherapy, and radiation therapy. The use of each of these treatments is dependent
on the location, size, aggressiveness and staging of the tumour. Surgery is used to remove some
or the entire tumour depending on its size and location. Surgery can either be done traditionally
where a large incision is made in the body or through minimally invasive methods. Surgery often

requires the patient to be placed under anesthetic which can produce risks to the patient.® Further



side effects of surgery include pain, scarring, infection, and nerve damage amongst others.?
Chemotherapy is another form of cancer treatment. Chemotherapy involves the use of special
drugs designed to kill cancer cells through the uptake of the drugs by the tumour.* Some of the
common side effects of chemotherapy include nausea and vomiting, loss of appetite, hair loss
and fatigue.* The third type of cancer treatment is radiation therapy. This can be done internally
through brachytherapy or externally through external beam radiation therapy (EBRT).
Brachytherapy involves placing radioactive seeds in the body in or near the tumour. High dose
rate (HDR) brachytherapy involves a single high dose of radiation delivered within a couple
minutes.’ A patient will typically receive HDR treatment over several days. Low dose rate
(LDR) brachytherapy involves a continuous delivery of low dose radiation over several hours.’
LDR treatment involves the implanting of seeds in or near the tumour on a permanent basis.’
EBRT involves a machine, most commonly a linear accelerator (LINAC), which develops and
directs a beam of radiation towards the tumour.® Other types of EBRT include CyberKnife and
Gamma Knife.

Typical side effects of radiation therapy include fatigue, skin irritation, hair loss, loss of appetite,
nausea and vomiting. More specific side effects are dependent on the site being irradiated. For
example, radiation of the brain can lead to temporary cognitive issues, headaches or in certain
cases seizures.® Other site-specific side effects include dry mouth and difficulty swallowing for
head and neck patients, cough or heartburn for chest patients and fertility and bodily functions

issues for pelvis patients.°

1.3 External Beam Radiation Therapy

EBRT involves the use of high energy (on the order of megavolts) radiation beams. On a LINAC
this can be performed in multiple ways including 3D-CRT, IMRT, VMAT, SRS and SBRT.®
Three-dimensional conformal radiation therapy (3D-CRT) involves creating a 3D visualization
of the tumour from CT or MR images. A treatment plan is created which defines beams of the
same intensity aimed at the tumour from various angles.® Intensity modulated radiation therapy
(IMRT) 1s a more advanced version of 3D-CRT where each of the defined beams have a
different intensity.® This allows for healthy tissue and organs, for which the beam must pass
through to get to the tumour, to receive less dose while increasing the intensity for beams from

angles that do not pass through organs. Further to this volumetric-modulated radiation therapy



(VMAT) is a specialized version of IMRT where the radiation is delivered in a continuous 360-
degree arc while still modulating the intensity at different angles.® These types of radiation
therapy are often delivered once a day for several weeks. Stereotactic radiosurgery (SRS) and
stereotactic body radiation therapy (SBRT) are highly focused, high intensity beams of
radiation.® These types of radiation therapy allow for a high dose to the tumour while sparing
healthy tissue. SRS and SBRT can be delivered in fewer fractions than standard radiation

therapy.®

1.3.1 Beam Types

The types of radiation therapy described above use photons as their source of radiation. Photons
are the most prominent beam type for radiation therapy clinically in Canada. Photons are
produced in a linear accelerator by accelerating electrons in a wave guide which are directed at a
metal target; typically, tungsten which then produces high energy photons known as x-rays.” The
photons produced have a spectrum of energies. Typically, the lower energy photons will be
removed before they reach the body using a flattening filter. When the photons reach the body,
they will begin to be attenuated. The amount of attenuation will depend on the energy of the
photon and the type of material it is passing through i.e., bone or soft tissue. When the photon
gets attenuated it interacts with an electron which then travels a short distance before depositing
its energy. Attenuation estimations are made from data provided by a CT scan of the region of
interest which provides electron density information. Treatments are planned so that most of the
dose deposited occurs at the tumour site. One drawback to photons is that they are highly

interactive, so dose is deposited all along the beam’s path both before and after the tumour.

Electron beams are produced in the same way as photon beams except the target is removed. A
cutout is used to shape the beam. Electrons have a finite range, so they are typically used for skin
cancers or shallow tumours.® This finite range provides an advantage over photons in that deeper

structures beyond the tumour are spared from receiving dose.®

A more recent development in EBRT is the use of proton therapy. Proton therapy is a relatively
new technology and Canada is the only G8 country that currently does not have any proton
therapy centres in use or under construction.’ Protons are roughly 1800 times heavier than
electrons making them much less reactive along the path they travel compared to either photons

or electrons. This lack of reactivity means that less dose is distributed to healthy tissue that the



protons pass through before reaching the tumour.’ A large majority of the energy is deposited
when the proton reaches the end of its range. The proton beams are adjusted so that the end of
their range is the location of the tumour.? In 2014 Alberta Health Services created guidelines
recommending proton therapy for base-of-skull tumours, most pediatric cancers, intraocular
cancers and some central nervous system tumours in adults.” One disadvantage to proton therapy
is the amount of space required for the unit and supporting equipment compared to a photon
therapy unit. One report found a typical photon therapy unit covered a footprint of 75m?on a
single storey whereas a proton therapy unit required three stories covering between 111m?to

2000m?.

1.3.2 Treatment Planning

Treatment planning for EBRT is typically a combination effort between the radiation oncologist
(RO), radiation therapist, dosimetrist, and medical physicist. Once cancer has been detected and
EBRT is chosen as a method of treatment, a patient will go through what is known as a
simulation. This involves the patient lying on a bed in the position they would be in for their
treatment. Small permanent marks are made on the patient’s skin to identify where the radiation
should be focused. The patient is then imaged around this area typically using CT. The RO will
view these images and contour the tumour. This is known as the gross tumour volume (GTV).
The GTV represents the physical tumour that is visible.'® Cancer isn’t contained to just the
visible tumour; through experience and training the radiation oncologist will also define a
clinical target volume (CTV). This CTV is representative of potential microscopic spread of the
cancer cells including into lymph nodes.!® Depending on the location of the tumour an internal
target volume (ITV) may be defined. This ITV will take into account motion or compression of
the tumour caused by things such as breathing, heart beat or swallowing.!” The size of the ITV
will depend on the amount of motion or compression and is unlikely to be symmetric around the
CTV.!" Finally in order to account for set up errors, machine reproducibility and other human
factors, a further margin called the planned treatment volume (PTV) is included.'® Figure 1.1
shows a visual representation of the volumes used in treatment planning. The margins introduced
by the ITV and PTV combined are on the order of a few millimeters. The RO will prescribe a
dose typically in Greys (Gy) that the treatment volume or a large portion (90-95%) of the
treatment volume should receive. Depending on multiple factors this dose could be delivered in a

single fraction on one day or with multiple fractions given over several weeks.



Figure 1.1: A visual representation of the various treatment volumes which would be defined by the radiation
oncologist.!! IM and SM are the internal margin and set up margin respectively used to define the Internal target

volume (ITV) and Planned treatment volume (PTV).

The RO will also define and contour organs at risk near the tumour. These are organs that will be
in the path of the radiation beam and will receive radiation. The RO will define an acceptable
dose that they are willing to tolerate for these organs. The dosimetrists and medical physicists
will take this information and design a treatment plan. This treatment plan will define the beam
angles used and the intensity of each beam. This treatment plan will then get signed off by the
medical physicist and RO and the patient can begin treatment. Several factors, such as dramatic
weight loss by the patient and significant shrinkage of the tumour could lead to a re-planning part
way through the treatment as the anatomy of the patient will have changed significantly which
could change where the radiation is going. Advances in technology such as the integration of
MRI, for real-time imaging and tumour tracking during treatment (Linac-MR), could allow for

the IM and SM to be reduced which would mean more healthy tissue could be spared.

1.4 MRI
Magnetic Resonance Imaging (MRI) is an imaging modality involving the use of magnetic fields

to attain frequency data of the body in order to ultimately create an image.

1.4.1 Hardware
The main hardware for a MR system is broken up into three components: the main magnet, the
gradient coils and the RF coils. Figure 1.2 shows the location of each of these components within

a typical scanner.
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Figure 1.2: The location of each of the components within the MR scanner Image from

BlueRingMedia/Shutterstock.com.

Many MR scanners are closed bore systems. The B, field is created by passing a current through
thousands of tightly wound coils in the body of the scanner. This follows with Ampere’s Law in

a solenoid where:
B, = unl  (1.1)

where u is the permeability of free space, # is the number of turns N divided by the unit length

L, and [ is the current in Amperes.

Conventionally these coils are kept at very low temperatures using liquid helium in order to

maintain super conductivity.

The gradient coils are loops of wire or foil within the bore of the magnet. When current is passed
through these wires a secondary magnetic field is created which adds to the primary magnetic
field creating deviations in frequency based on position. Gradient fields can be applied in the x, y
and z directions. They can also be combined in such a way that a gradient field can be applied in

any arbitrary direction. Each of these gradients is powered by an independent power amplifier.



The RF coils on a MR system serve two purposes. First is to transmit RF signals such as the B
field and second is to receive the RF signals from the body to produce the frequency data needed
to create an image. Coils can be transmit only, receive only or a combination of both transmit
and receive. They can be broken up into volume coils or surface coils. Volume coils are
cylindrical coils placed around the anatomy of interest to be imaged.!? Some examples of volume
coils are the birdcage and the transverse electromagnetic resonator.'? Surface coils are partial
loops of wire placed on the surface of the patient and are typically grouped together in arrays the
size of the area of interest to be imaged. The coils are designed so that they resonate at the same
frequency as the protons in the body.!? Several surface coils placed together are known as an
array. Due to the inhomogeneous RF fields produced by the coils, surface coils are typically

receive only coils.!?

1.4.2 MRI Mechanics

Atoms in the body contain magnetic spin properties. When an atom, such as hydrogen, has
unpaired protons or neutrons and is subject to a large magnetic field such as the one produced by
the main magnet of a MR scanner, it will align with the axis parallel to the direction of the
magnetic field or 180 degrees from the direction of the magnetic field, due to the atom’s
magnetic moments, causing a net magnetization in the direction of the magnetic field. Typical
clinical magnet strengths are 1.5T and 3T and are referred to as the B, field. An RF pulse, known
as the B field, is applied perpendicular to the B, field. This B pulse will tip the net
magnetization into the x-y plane causing the magnetization to de-phase and precess at a
frequency known as the Larmor frequency. The amount the magnetization is flipped into the x-y

plane is known as the flip angle which is controlled by the strength of the RF pulse.

The Larmor frequency is the frequency at which the magnetization precesses. It is dependent on

the atom that is precessing and the strength of the B, field such that:'?

fo=7vB, (1.2)

where f, is the Larmor frequency and y is the gyromagnetic ratio which is unique to each

nucleus.

Every coil and RF pulse must be tuned to the Larmor frequency.'® The part of the magnetization

in the x-y plane is what provides the signal which is received by the coils. Over time the



polarization will revert to the original magnetization in the z axis aligned with the B, field, this is
known as relaxation. Relaxation times are dependent on the material and the strength of the B,
field. The relaxation time for the magnetization to return to the original B, direction is referred to
as T relaxation. The time it takes for the x-y component of the magnetization to decay is referred
to as Tarelaxation. Ty and T2 do not equal each other. Because of inhomogeneites and other
imperfections in the scanner a third relaxation time known as T>* is also used to characterize

magnetization relaxation.

Gradient fields are used to control the volume of excitation in the area of the body that is of
interest for imaging and provide positioning information using frequency data. When a gradient
field is applied it causes a slight frequency shift based off the position of each region of interest.
This spatial frequency data is then received by the receiver RF coil. The gradient strengths are
changed so that all of the spatial frequency and phase data needed for the scan is acquired. This
data is acquired in what is known as k-space. K-space is a Cartesian plot of the spatial frequency
data. The central k-space data provides the bulk of the information needed to create an image
while the outer k-space data increases sharpness and detail within the image. Each data point
within k-space does not correspond to the same pixel within the final image; instead, each point
in k-space provides a certain amount of frequency information to each pixel in the final image. In

order to go from k-space to the final image a Fourier transform is performed.

1.4.3 Modality comparison

MRI as an imaging modality comes with advantages and disadvantages when compared to

other imaging modalities such as CT or ultrasound. Unlike CT and X-Ray, MRI does not rely on
ionizing radiation to perform imaging. Instead, it utilizes strong magnetic fields and rf signals,
which are safer to tissue than the ionizing radiation. MRI provides superior soft tissue detail
compared to CT and X-Ray. X-Ray is limited to 2D superimposed images whereas CT and MRI
can provide 3D coverage. Higher spatial resolution is easier to achieve with a CT scan, however

MRI is preferred in cases where contrast resolution is required as in regions of soft tissue.

Ultrasound is another modality that does not use ionizing radiation; instead, it uses high
frequency sound waves. Compared to MRI, it can provide higher resolution images for structures
that aren’t particularly deep in the body and can show images in real-time almost as if you were

watching a movie.'* This resolution drops off significantly when the structure of interest is deep



in the body making MRI the preferred choice in these cases. Ultrasound does not require a
patient to lie in a bore which is advantageous for patients who may be too large for a MR scanner
bore.!* Ultrasound is limited in the size of area that can be imaged at one time. If the area of
interest is too large an MRI would be needed instead. Ultrasound is also limited in its penetration
power within structures of the body, which is not a limitation of MRI, so MRI is preferred when
the region of interest is within a structure such as a joint that has many different material

properties.

Due to the use of strong magnetic fields, MRI is not a suitable imaging modality for people with
metal or electronic implants which are not deemed MRI safe or for people who have the potential
for unremoved ferromagnetic shrapnel or metal fragments in or around their eyes due to working
with metal, accidents earlier in life or other reasons.'> MRI is a more costly system to build and
run when compared to other methods such as CT and ultrasound.'> MR1 is also a potentially
slower imaging modality due to the sequence being used. Typical scan sessions, including setup
and the scanning itself, run between 30-60 minutes compared to 15-20 minutes for CT and X-
Ray.! These slow scan sessions can potentially lead to claustrophobia to patients while they lie

in the bore of the magnet.

1.5 Linac-MR
1.5.1 Background

In recent years progress has been made in the development and implementation of hybrid Linac-
MR systems. These systems combine the magnet of an MRI system with the linear accelerator
(Linac) used in radiation therapy. The goal of the Linac-MR system is to be able to provide real-
time imaging during a radiation therapy session. Real-time imaging will provide an accurate
picture of the tumour location and its movement over the course of a treatment. During standard
treatment the location of the tumour is estimated based off pre-treatment imaging. This requires
the addition of treatment margins, as discussed above, to the treatment plan. The addition of real-
time imaging to radiation therapy can allow for these margins to be reduced, thus sparing healthy

tissue in the process.

A few groups around the world are designing their own version of a Linac-MR system each with

their own unique specifications. One such system is the Elekta Unity. This Linac-MR combines a



1.5T MR Scanner with a linear accelerator with a 7MYV flattening filter free (FFF) beam.'®
Another group in Australia is developing their own Linac-MR system. Their system utilizes a 1T
open bore MR scanner with a 6MV linac.!” An open bore model for a MR scanner allows for
more space for the patient reducing claustrophobia and allowing larger patients to be scanned.
Open bore MR scanners typically have lower magnet strength than closed bore scanners which
can potentially lead to reduced signal. ViewRay has developed multiple versions. The first
combined a 0.35T MR scanner with three Co-60 heads as a substitute for the linear accelerator.'®
This has been treating patients since 2014. They have more recently developed a Linac-MR
system which still utilizes the 0.35T magnet but replaces the three Co-60 heads with a 6FFF

linac.!® This has been treating patients since 2017.

1.5.2 Linac-MR at the Cross Cancer Institute

At the Cross Cancer Institute (CCI) a group led by the Dr. Gino Fallone has been developing
their own Linac-MR system. This system was developed in three stages. The first prototype
combined a 6MV linac with a 0.2T permanent magnet.'? In this prototype the magnet position
was fixed while the linac was allowed to rotate. This prototype demonstrated that real-time MR
imaging is possible while also performing radiation therapy.'® One of the issues with combining
a linac with an MR magnet is the interference they create for each other. As discussed above MR
uses radiofrequency signals in order to get position data in order to create an image. The linac
also produces its own radiofrequency signals that will interfere with the ones produced by the
MR coils. Concurrently the magnetic field generated by the magnet can interfere with the
electrons in the wave guide used to produce the photons for the radiation therapy. This prototype
demonstrated one effective method of adequately shielding the wave guide and removing
radiofrequency interference from the linac. A special in house RF cage was designed and built to
be placed around the MR magnet in order to prevent RF interference.?’ The shielding
effectiveness for this cage against E and H fields were found to be above 90dB for frequencies
between 1-10MHz and above 100dB at frequencies greater than 10MHz.?° In order to deal with
the magnetic field effects on the radiation beam, active and passive shielding methods have been
developed.?! Further to this, testing has been done on the lingering magnetic fields on both the

waveguide, due to transverse fields, and on the dose distribution, due to the longitudinal fields,
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because of the shielding not being 100% effective.?!">* At the low magnetic field strengths
proposed by our group, the strength of the unshielded magnetic fields is predicted to be between
0.0022 and 0.011T.?2 These field strengths resulted in beam losses between 1 and 16% in terms
of peak intensity of the electron distribution at the electron target compared to no magnetic field
being present, however this beam loss resulted in minimal losses in the dose distribution.?? To
test the effects of transverse fields on the waveguide, field strengths up to .0014T, where 100%
beam loss occurred, were tested. It was found that even at .0014T the change in frequency in the
waveguide were well within the manufacture’s tolerances.?! Because of this, it is predicted that

there will be no effect on the accelerator efficiency due to magnetic fields.?!

The second prototype combined a 6MV linac with a commercial superconducting 0.5T open bore

magnet.23

The purpose of this prototype was to demonstrate the structural and mechanical
integrity of the system involving a rotating gantry.?® This prototype allows the gantry to rotate a
full 360° which would allow for more complex radiation treatments when implemented
clinically.?® The third prototype is the clinical version of this system. It combines a 6MV linac
with a 0.5T superconducting magnet. As with the second prototype, the magnet is kept at
superconducting temperatures using a cryocooler which precludes the need for cryogenic liquids
such as liquid helium.?® At the time of this writing the prototype is undergoing MRI and

radiation testing in anticipation of clinical use.

1.6 Contouring
1.6.1 Background

In standard EBRT a patient will undergo a planning CT or MR scan where they will lay in the
position that they will be treated in and the area to be irradiated is imaged. In both circumstances
a radiation oncologist (RO) will view the resulting images and define the tumour region using
contours. They will contour this region on every slice that was acquired. The RO draws these
contours with the help of computer software. As discussed above the RO will also contour the

other treatment volumes needed for treatment planning.

The use of real-time imaging during radiation treatment will allow for tracking of the tumour in
order to adjust the radiation beam or turn it off altogether if the tumour moves outside of an

accepted range. Real-time imaging will produce many images very quickly, potentially four
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frames a second or more. This could be problematic as it would be too many images for an RO to
manually contour or it would take too much time to maintain the real-time characteristics of the
imaging. Because of this, many groups are developing and implementing automatic tumour
tracking systems for use in real-time imaging. Many of these systems involve indirect tracking
using surrogate tumours.?* A group at the CCI has been developing a direct tumour tracking

algorithm using neural networks.?*
1.6.2 Auto-contouring algorithm

The gold standard for contouring is considered to be the manually drawn contours of a
physician.?* The goal of the work at the CCI is to develop an automated process capable of
contouring in a way that is as similar as possible to that of a physician.?* This method utilizes

pulse-coupled neural networks (PCNN).?*

PCNNs were initially proposed to emulate
mammalian, including human, visual properties, which is ideal if you are trying to mimic the
contouring ability of a physician.?* The algorithm works under the assumption that a pre-
treatment imaging session (~30 frames) is performed. These 30 images are manually contoured
by a physician and then given to the neural network as training data. The neural network
parameters are optimized so that the shape and location of the auto generated contour most
closely resembles that of the manually generated contour from the physician.?* Following

parameter optimization the algorithm is ready for use during treatment.

Prior to an autocontouring session, a single tumour contour that is the least impacted by motion
artifacts during breathing is selected (often at the end of exhale phase) from pre-treatment
images. Also, a background region that represents the maximum anticipated range of tumor
motion is delineated. The neural network will make an assumption that the tumour is located in
this background region.?* During autocontouring, cross-correlation technique is applied between
the single tumour contour and the Background, in order to find the most probable tumour
location within the background. Centered at this tumour location, the PCNN is applied for tumor
contrast improvement from its surrounding anatomy. Finally, Otsu’s method of pixel
thresholding was used to transform the contrast-enhanced tumour region in the grey scale image

into a binary tumour contour.**
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The algorithm described above was used in this work to determine the contourability of the

images that were reconstructed using the method described in this thesis.
1.7 Principal Component Analysis

Principal Component Analysis (PCA) is a mathematical operation used on large data sets that
allows for a reduction of dimensions while maintaining the most important data. The goal of
PCA is to create a new set of variables (principal components) each of which are linearly
independent to each other. The number of principal components will be equal to the number of
variables in the original dataset (D). An example would be having k-space data of size MxN and
acquiring this data from J frames. Initially D (Figure 1.3) is of size MXNxJ, where J is the
number of variables. For PCA this needs to be reduced to a two dimensional matrix of size

(M*N)xJ.

Variables
a b C
% d e f
D= o ,
E g h i
v
i k I

Figure 1.3: The initial data set D. Each column represents a different variable (for example x,y,z). Each row

represents a separate sample.

PCA is an eigenvalue/eigenvector problem. Initially a covariance matrix (COV) is calculated

such that:®

1
COV = ——D' x D. 1.3
= (13)

D’ is the transpose matrix of the initial dataset.
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A covariance matrix is a square matrix of size JxJ as shown in Figure 1.4 for J=3. The diagonal
points represent the variance within each variable. The off-diagonal points represent the

covariance (i.e. correlation) between each of the variables.

Var(X) Cov(X.Y) Cov(X,Z)
COV = Cov(X.Y) Var(Y) Cov(Y,Z)
Cov(X.Z) Cov(Y.Z) Var(Z)

Figure 1.4: An example covariance matrix for J=3.?% In this example, X, Y and Z are variables represented by the

columns of D.

The eigenvalues (e) and eigenvectors (£) of the covariance matrix are calculated through

standard linear algebra techniques i.e.

COV +E =eE. (1.4)The

Finally, the principal components (PCs) can be calculated: *°

PCs =

(1.5)

The PCs matrix will be of size JxJ. Each column in PCs represents a linearly independent
variable. These columns are arranged such that the variable containing the greatest variation is in
the first column and each of the subsequent columns is arranged in order of decreasing amount of
variation in the variable. Visually each PC can be seen as a line of best fit. Figure 1.5 shows a
three-dimensional representation of this. The first PC is the line of best fit through the origin that
provides the greatest variation amongst the projections of each data point onto this line. The
second PC is then the line of best fit perpendicular to the first PC that provides the greatest
variation amongst the projections of the data points. This process is repeated for each principal

component making sure that each line of best fit is perpendicular to the other lines.
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Figure 1.5: A three-dimensional representation of the lines of best fit representing the principal components. The
first PC is also considered the largest principal component and contains the greatest variance amongst the original

data points.

Since the later columns contain little in terms of variation, they will typically contribute more
noise to the data. The dimensionality of the data can be reduced by ignoring the later variables
and only keeping the most relevant data so that the final PCs matrix will be of size JxX, where X
is a pre-determined number of columns less than or equal to J. A balance needs to be found so

that all of the needed information is kept while not introducing too much noise into the system.

PCA is used in a variety of fields with many applications. One example of this is in image
compression where an image is resized, and the principal components maintain the most
pertinent data. Another example is in finance, where PCA can be used to predict how stocks in a
portfolio will behave in the future. In healthcare, PCA is used in a variety of ways. They can be
used to correlate disease or outcomes to risk factors. It can also be used on the administrative

side for things such as clinical readiness or estimate how long a patient might need to stay at a
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hospital. PCA can also be used in patient treatments, as shown with previous work on PCA in

MRI along with this work.?
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Chapter 2

Time Domain PCA MR Algorithm

A version of this chapter has been published as: Wright M, Dietz B, Yip E, Yun J, Gabos Z,
Fallone BG, Wachowicz K. Time Domain Principal Component Analysis for Rapid, Real-Time
2D MRI Reconstruction from Undersampled Data. Medical Physics. 2021;48:6724-6739.
https://doi.org/10.1002/mp.15238

2.1 Introduction

The integration of real-time MR imaging with radiotherapy can allow for on-the-fly beam
adjustments to accommodate mobile patient anatomy. One of the fundamental benefits behind
this type of real-time adaptive radiotherapy is the ability to reduce treatment margins and spare
healthy tissue while focusing more precisely on the tumor. Several groups have developed hybrid
linac-MR machines in order to achieve adaptive radiotherapy in real time.!* However, the
majority of MR scanning techniques are not practical for real-time dynamic imaging, which can
take several minutes for a single acquisition. Lengthy scan times pose a problem for real-time
imaging, where speed is important in order to maintain an accurate representation of the current
state of the anatomy. While some conventional sequences exist that produce sufficient frame rate
for real-time purposes (such as balanced steady-state free precession, or bSSFP), conventional
implementations are generally limited to low-resolution 2D coverage.>”’ The use of acceleration
techniques expands possibilities for frame rate, resolution, and multi-slice coverage for
sequences like bSSFP, and could allow for other sequences and their different contrasts to be
incorporated into the real-time environment. One common strategy in MRI for reducing
acquisition time is k-space under-sampling, which comes in many forms, such as parallel
imaging, compressed sensing, and neural network reconstructions.® ! However, effective parallel
imaging solutions require optimized receive coil geometries, which may be limited for some MR
systems. Compressed sensing or neural network reconstructions require computationally

expensive algorithms that can be a challenge in a real-time guided radiotherapy regime. The
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strategy presented in this work uses Principal Component Analysis (PCA) to reconstruct under-

sampled data in a temporally robust and computationally inexpensive way.

PCA is a data analysis technique where principal components (PCs) of a data set are computed
and used to perform a change of basis on the data. PCA is frequently applied to large data sets
and allows for the reduction of data into a more manageable size while maintaining the most
significant information. The PCs are directional vectors that are representative of the primary
modes of variation within the data set. These components are calculated by finding an orthogonal
basis set which orders the dimensions from greatest to least amount of variation. The dimensions

with the least amount of variation can be attributed mostly to noise and removed.

Previous work by Dietz et al. investigated using PCA to establish PCs of variation that
correspond to the spatial domain; components that were then sparsely fitted frame-by-frame to
subsequent undersampled data for on-the-fly MRI reconstruction.!! In that method, PCA was
implemented on a database of fully-sampled images taken immediately prior to accelerated
reconstruction. While that technique produced images suitable for real-time tracking, it was
observed that the accelerated image quality worsened as time increased from when the database
was acquired. The goal of this current work is to generate a new PCA-based algorithm to create a

more time-robust method of real-time reconstruction from undersampled data.

In our proposed method, the calculated PCs will be representative of the time evolution of k-
space (rather than variation within image frames) and will be continuously updated. We believe
this temporal approach will allow for a more robust MR acceleration and lead to a more
consistent image quality over time. Previous studies have utilized time-domain PCA for MRL
Most of these studies have focused on rapid fMRI or as an aid for reconstruction in large k-
space-time (k-t) undersampled data sets.!>"'* Our technique was designed specifically to work on-
the-fly and reconstruct images with minimal latency, using PCA to predict and fill undersampled
k-space data. The method proposed by Wang et al., for use in fMRI, requires the entire spatial-
temporal volume be acquired in advance and reconstructed together using an iterative process.'?
It utilizes PCA in the time domain to improve sparsity for better reconstruction and error
suppression.'> While this method worked very well, it wouldn’t be appropriate for our real-time
application To our knowledge this is the first implementation of time-domain PCA in an

algorithm suitable for real-time 2D low latency applications.
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2.2 Materials and Methods
2.2.1 Data acquisition and retrospective undersampling

Fifteen fully-sampled dynamic data sets from subjects with non-small cell lung cancer, acquired
with approval from our local ethics committee, were used to test our acceleration method
through retrospective analysis. A subset of six of the fifteen patients was used to test the auto-
contouring capabilities of this method using neural-network contouring software developed by
our group.'® These patients were imaged using a 3T Philips Achieva Scanner (Phillips Medical
Systems, Cleveland, OH, USA) for three or five minutes of free breathing in order to acquire 650
or 1100 dynamic frames. A 2D bSSFP sequence was used for all acquisitions (FOV: 40 x 40 cm?,
pixel size: 3.1 x 3.1 x 20 mm?®, TR/TE = 2.2/1.1 ms, acquisition time for each frame = 275ms,
acquisition matrix 128x128x650 or 128x128x1100). The undersampling pattern masks were

applied retrospectively to these data sets, to simulate the acquisition of faster framerates.

The data sets are retrospectively undersampled by applying a mask to the fully-sampled data. For
a given frame, k-space is sampled differently in two zones. The central k-space (low frequency)
data are fully-sampled as a block of phase encodes. These phase encodes are known as the core
phase encodes. The size of this core is pre-determined before data acquisition takes place. The
outer k-space (high frequency) data is incoherently undersampled. Within each frame the phase
encodes are undersampled in adjacent pairs to minimize eddy current artifacts.'® The
undersampling pattern is a part of a set of complementary patterns that are applied over a range
of frames. These complementary patterns ensure that all of k-space is acquired within a given
number of frames (Ncowmp). Ncowmp is dependent on the size of the core and the acceleration rate.
The core set of phase encodes are acquired in every frame. These complementary patterns are
repeated throughout the scan, and by design fit evenly into a pre-determined number of frames
(Nwin) that make up the reconstruction window. The reconstruction window consists of the
current frame being reconstructed, and data from the previous (Nwin-1) frames that allow the
missing data in the current frame to be predicted. Figure 2.1 provides a visual representation of
how the data within a given frame as well as in the entire reconstruction window are
retrospectively undersampled. When that frame has been reconstructed the reconstruction
window shifts so that next frame can be reconstructed. Figure 2.2 provides a visual

representation of our proposed method’s workflow. The acceleration rate that is achieved will
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depend on the size of the core and Ncowmp. As such, a particular acceleration rate can be achieved

with a variety of different choices. Table 2.1 displays the values that were chosen for the

acceleration rates investigated in this work, based on an optimization described below.

Table 2.1: Number of frames to acquire all of k-space and core size used to achieve a particular acceleration rate,

assuming 128 phase encodes in a fully-sampled data set. In this case, Acceleration Rate = 128 / (Core Size + (128-

Core Size)/Ncowp) where Ncomp is the number of frames forming a complementary set. Values of Ncoup and Core

size were selected for a particular acceleration rate by optimizing image quality metrics.

Acceleration Rate Ncomp Core size
3 4 16
4 5 8
5 10 14
6 10 10
8 15 8
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Figure 2.1: A visual representation of how the data is retrospectively undersampled. a) A mask representing
an incoherent undersampling pattern is applied to the full- sampled k-space data, creating a simulated
undersampled k-space b). Note that the mask is comprised of randomly distributed pairs of adjacent phase
encodes along with a non-random set of core PEs. c) represents how the masks are cycled within the
reconstruction window of sixty frames. Highlighted is a single complementary set representing an Ncoup
value of 4. This highlighted zone could be placed at any arbitrary point within the window and still
encapsulate a complementary set. d) is an expanded version of this window
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2.2.2 Principal component development and image reconstruction
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Figure 2.2: Flow chart of the

acceleration method. All

calculations are done in the k-

space domain. The initial green
square represents the raw data,
for the M most recent frames. The

blue column on the left represents
the workflow to generate PCs
from core data. The red square
represents undersampled outer k-
space data. Purple: Through
fitting, the blue and the red are
combined to generate a fully-
sampled version of k-space and
finally an image.

Within an undersampling pattern, a pre-determined number of
phase encodes at the centre of k-space are acquired for every
frame. These core phase encodes are used to calculate the PCs
representative of time evolution within a reconstruction window.
The original fully-sampled images were acquired using a six coil
array and combined. For this retrospective analysis, the
combined complex core data is submitted to the MatLab PCA
function without any demeaning.!” Both the real and imaginary
portions of the complex data are handled together. Figure 2.3
demonstrates how these principal components are further used to
reconstruct the frame of interest. When the window is shifted to
reconstruct a new frame, the principal components are
recalculated and updated using the data from the new frame
while discarding the information from the old frame. This allows
us to have the PCs be representative of the most up-to-date
information. For our implementation a reconstruction window
of 60 frames (arbitrarily chosen) was used for all acceleration
rates. Within this window, the last frame will be the one that is
reconstructed, for example in the window of frames 1-60; frame

60 will be fully reconstructed. This process is repeated with the

window continually shifting for the next frame to be reconstructed (i.e. frames 2-61 to

reconstruct frame 61). All data was processed using commercially available software (MATLAB

R2019a, The MathWorks Inc., Natick MA, USA) !’
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Figure 2.3 a): A representation of the reconstruction window and how the phase encodes are undersampled per
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frame. Highlighted (red box) is the core set of phase encodes which are acquired in every frame. Also highlighted
(Undersampling Pattern) are the frames containing the same undersampling pattern as the first frame of the
reconstruction window. The PCA matrix is undersampled so that only these frames are represented in PCys b)
Represents the process of calculating the PCA matrix on the core phase encodes, and undersampling them (PCuys)
for use in the workflow (only one sampling pattern is shown for demonstration). Each row in the PCA matrix
represents a principal component. This process is repeated for each undersampling pattern, except the one that
samples data in the final frame of the window. c) The PCysmatrix is inverted and multiplied with the undersampled
outer k-space data in Dysto calculate the amplitudes (A) of the PCs. For demonstration purposes only a single row
of Dusand A are shown. d) The final step involves combining the amplitudes, A with the PC data calculated from the

core data corresponding to the frame being reconstructed, PCgnp. This provides an estimate for the missing k-space

data giving Dgyp

A pre-determined number of the already calculated PCs (Npc) are fitted to the undersampled data
within the time domain by using the Moore-Penrose pseudoinverse matrix, a generalization of
the inverse matrix.!® This generalized matrix can be used to invert non-square matrices which are
required for our proposed application. This fitting method allows for the un-acquired data in the
frame of interest to be filled in using a multi-step process. The following equations represent the
work flow of the algorithm and are illustrated graphically in Figure 2.3. The undersampled data,
Dus, can be estimated by a linear combination of the undersampled Principal Components (PCus)

with amplitudes, A.
Dys = A * PCys. (2.1)

PCuysis a matrix of the size Npc * (Nwin/Ncomp). Dus represents the undersampled k-space data
outside of the core corresponding to one of the unique undersampling patterns. It is represented
by one row in Figure 2.3 for demonstration, but in practice it will contain (Nrg * (Npg—
Core)/Ncowmp) rows, one for each point in k-space sampled with this pattern, and Nwin/Ncowmp
columns. Nrg and Npg represent the number of read and phase encodes respectively, and Core is
the number of phase encodes in the core. Since this has already been acquired and the

undersampled PCs (PCus) calculated, it is the amplitudes (A4) that need to be calculated:
A = Dyg * PCjs. (2.2)

The amplitudes represent the best fit of the PCs to the acquired outer k-space data from the

previous Nwin-1 frames in the reconstruction window. They are multiplied with the PC data
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corresponding to the frame being reconstructed, PCenp, which generates an estimate of an

unacquired point in k-space, Dgyp:

ﬁEND = A x PCgyp = Dy * PCJsl * PCopg. (2.3)

The entire process is repeated Ncomp-1 times as one of the undersampling patterns explicitly
acquired data for the current frame of interest. Typical reconstruction times are ~50 ms/frame

(Intel® Core i5-2430M CPU @ 2.40GHz, 6GB RAM).

To confirm this method has improved temporal robustness, the same data was also processed
using the code developed by Dietz et al. using the parameters discussed in their paper.'! This
method utilizes a database of 30 images acquired immediately before the real-time imaging
session. The PCs are calculated from this database. Reconstruction is performed iteratively, a
pre-determined number of times. Weights are applied to each PC and those that fall below a
certain threshold are discarded. The reconstructed images of each method were split into regions
and the average value of each metric within that region was recorded. Due to the nature of each
method, i.e. reconstruction window size vs database size, only frames common to both methods
are used in calculating comparative metrics to ensure both metrics are being generated with the
same source data. Using the metrics discussed below the two methods were compared for overall
image quality and robustness over time, in addition to contouring accuracy. Further comparison
of these metrics was made with a standard low-resolution acquisition of an equivalent

acceleration rate.
2.3 Analysis and Metrics
2.3.1 Optimization of reconstruction parameters

The optimal value of Npc was investigated. To prevent an under-determined inverse problem i.e.
not enough equations for the number of variables, the actual value of Npc cannot exceed the
number of acquired data points within the reconstruction window. The number of acquired data
points, Nsawmp, is equal to the number of times the complementary set of frames is repeated

within the reconstruction window (Nwm/Ncowmp).
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The acceleration factor is controlled by the size of the core phase encodes as well as Ncomp
which controls the fraction of phase encodes that are sampled outside of the core. Even valued
core sizes between eight and sixteen were used in this investigation. Because the acceleration is
controlled by both the core and Ncowmp, different combinations of these can account for the same
acceleration factor. Finding the best combination for a particular acceleration factor was
investigated using the two patients who showed the best metrics averaged over the entire range
of PCs and the two patients who showed the worst metrics averaged over the entire range of PCs
for an acceleration factor of three. Normalised mean squared error (NMSE), peak SNR (PSNR)
and structural similarity index (SSIM) were again used to compare the results of these
combinations in order to determine the best combination of cycles and core size for a particular
acceleration. The combination that produced the best results for a particular acceleration was
then further tested on the remaining eleven patients to determine the full capabilities of our

method at a particular acceleration.

The use of NMSE, PSNR and SSIM were used to investigate the optimal value of Npc and to
compare combinations of core size and Ncowmp for a particular acceleration factor as these are
common metrics used in the field for assessment of general image quality. For this study,
acceleration factors of three, four, five, six and eight were tested. To test the effects of Npc, a
range of two to ten PCs was tested at acceleration rates of 3x and 4x. A range of two to six PCs
was tested for acceleration rates of 5x and 6x and for an acceleration rate of 8x a range of two to
four PCs was tested. The above ranges were based on preliminary analysis of three patient data
sets where it was seen that the optimum values would be in these bounds. Further optimization
was performed on a subset of six of these patient data sets to test our method for auto-contouring

purposes.
2.3.2 Normalized mean square error

Normalised Mean Square Error (NMSE) can be used to measure artifact level in image
reconstruction. A NMSE of zero represents a complete agreement between images, while a value
greater than zero represents deviations between the images typically in the form of artifacts.!! In
our study the reconstructed image was always compared to the fully-sampled image. The NMSE
can be calculated by taking the square of the difference between the fully-sampled and

reconstructed image and dividing by the square of the fully-sampled image.
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The average NMSE over the 591 or 1041 frames was calculated for each patient for a varying
number of principal components kept, depending on the number of cycles used. The total patient
average was calculated for each number of principal components and a total patient aggregate

was calculated for acceleration values ranging from 3 to 8.
2.3.3 Peak SNR

The Peak Signal to Noise Ratio (PSNR) is the ratio between the maximum possible value of a
signal or image to the power of the distorting noise that affects the signal or image.'” It can be

calculated by:

Max?

where Max is the maximum value in the reconstructed image and MSE is the mean square error
between the fully-sampled and reconstructed images. PSNR was used to quantify how much

uncertainty is being added in the reconstruction process.
2.3.4 Structural Similarity Index

Structural similarity index (SSIM) is another metric used to measure image quality that takes into
account the luminance, contrast and structure of the entire image.?° In our study the SSIM was

calculated using the built in MATLAB function which uses the following formula:*!

2 +C,)(20 +C
SSIM = Cupuys (205 ys 2) (2.6)

(Mg + pi + C)(0F + aps + C)

where Ur, Uus, OF, Ous are the means and standard deviations of the fully-sampled and
undersampled data, and Or s is the cross-covariance of the images. The constants C/ and C2 are
typically chosen based on the dynamic range (DR) of the images: C/ = (0.0 * DR)? and C2 =
(0.03 * DR)’. An SSIM of 1 indicates that the two images do not deviate, while a SSIM less than
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one means there is some deviation between the two images. SSIM provides information on the
inter-dependency between pixels in an image which is not shown in NMSE or PSNR which only

show absolute differences.
2.3.5 Dice coefficient

The Dice coefficient is a metric used to quantify the common coverage of two regions of interest
(ROISs), in this case between an ROI contoured on an accelerated reconstruction and one
contoured on the fully-sampled image. This was calculated using the built in MATLAB function

which uses the following formula:*?

ROz 0 ROIys
ROIpy; + ROIys

Dice = 2 (2.7)

The Dice coefficient takes into account the overlap between the two ROIs with respect to the
sum of the two ROIs. A value of 1 indicates complete agreement between the two images in
terms of overlap of the region of interest whereas a value of 0 indicates no overlap of the region

of interest for the two images.
2.3.6 Hausdorff distance

The Hausdorff distance is another metric used to determine the similarity of regions of interest. It
is defined as the global maximum of the minimum distance between the edge of one ROI and the
edge of a second ROIL.? This was used to compare how much of a difference there was between

the contouring done on the fully-sampled image compared to the undersampled image.
2.3.7 Centroid displacement

Centroid displacement was used along with the Dice coefficient and Hausdorff distance to test
the real time tracking capabilities of our method. The centroid displacement is the separation
between the centroid of the contour calculated from the fully-sampled images and the contour

from the undersampled reconstructions.
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2.4 Results
2.4.1 Effects of Nrc

One of the parameters that can be adjusted in our proposed method is Npc. This parameter was
tested on all fifteen patients at acceleration rates of 3x, 4x, 5x, 6x, and 8x. Figure 2.4 is a
demonstration of NMSE, SSIM and PSNR for different Npc at different acceleration rates while
Figure 2.5 displays the time evolution of a single patient for Npc values of two, four, seven and
ten. The advantage of fitting with a larger bank of PCs is more motion detail. However, high
numbers of PCs can lead to instabilities in the solution due to an increase in fitting uncertainty.
The optimum number of PCs for fitting was found to be 5, 5, 3, 3 and 2 for acceleration rates of
3x, 4x, 5x, 6x and 8x respectively. These values represent the optimal value from an average of
all fifteen patients. Individual patients may have had a different optimal value but the mean

optimal values worked well for all patients.
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Figure 2.4: Total Patient Average a) NMSE, b) PSNR and c¢) SSIM as a function of Npc and acceleration rate. Each
line represents a different acceleration rate. For a) some of the more poorly performing data points _for

accelerations greater than 4x are out of frame for purposes of scale
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Figure 2.5: Time evolution of NMSE for a single patient for image reconstruction with (clockwise from top left) two,

four seven and ten PCs kept. Reconstruction was done at an acceleration rate of 3x.

2.4.2 Temporal robustness

Normalised mean square error (NMSE) was used to track image quality over time. Figure 2.6a
and b demonstrate the temporal robustness of the image quality on two patients for the proposed
method over the course of a typical treatment time. The figures represent data acquisition at an
acceleration factor of 3x with 5 PCs used for reconstruction (found to be optimal for this case). A
comparison to the frame-based PCA method proposed by Dietz et al. was included using the
same patient data. Figure 2.6¢ display visual representations of the final acquired frame from the
patient data represented in figures 6a and b, comparing the fully-sampled data set (both full k-
space and central k-space only acquisitions), our proposed method, and the frame-based PCA
method. Also included in Figure 2.6a and b is the breathing pattern of each of the respective
patients. Sudden changes in the breathing pattern could potentially lead to degraded image
quality. Figure 2.7 demonstrates the temporal robustness of our method over the course of an

imaging session while also providing a comparison to the method proposed by Dietz et al.
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Figure 2.6(a,b): A time evolution comparison of the previous method and our proposed method using Normalised

mean square error for two different patient data set using an acceleration factor of 3. Overlaid are respiratory
curves representing the relative position of the dome of the diaphragm. (c) is a visual representation of the last

frame reconstructed using both methods for the patient represented in a (top) and b (bottom). The fully-sampled

reconstruction is included as reference. Also included for reference was a conventional acceleration through 3-fold

truncation of k-space, resulting in a lower resolution image. The windowing was set to allow for comparison of
noise floor. The contours generated by the auto-contouring software are also included. For the reconstructed

images the fully-sampled contour (dashed line) is also included for reference.

33



0.1200

0.1000

0.0200

Dice Coefficient
=
=
s

45.00 1.0000

2

g

1 40.00
0.9500
354
- 30 0.9000
« 25.00 s
_ z < 0.8500
_ 20,00 “
; [ 15 0.8000
10
0.7500
I l i1
0.00 0.7000

.00
.00
00
131-260 261-390 391-520 521-650 131-260 261-390 391-520 521-650 131-260 261-390 391-520 521-650
mrmnondlng Acquired Fully-Sampled Frame Corresponding Acquired Fully-Sampled Frame Gurespondlng Acquired Fully-Sampled Frame
3.000 10.000
| : 9.000 . '
I 1 2500 . T
T £.000 1 |
£ ' £ -
T _ | £ 700 : - f i i
H . S 6000 |
g z I ]
21500 25,000
2 a
] E 4000
2 3
grow 3 3000
H T
v
0500 2,000
1.000
0,000 0.000

131260 261390 391520  521-650 131-260  261-3%0  391-520  521-650 131260 261390 391520  521-650
Corrupondlns Acquired Fully-Sampled Frame toﬂespondins Acquired Fully-5ampled Frame Corrupondlns Acquired Fully-Sampled Frame

M Proposed Method Previous Method

Figure 2.7: A demonstration of the temporal robustness of our method using each of the image quality (NMSE,
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average of the 15 patients for the frames of interest. A comparison is also made with the method from Dietz et al.
Only common reconstructed frames between the two methods are used for comparison. The frames referenced

correspond to the original fully-sampled acquisition.

The impact of increased acceleration rate is shown in Figures 2.8 and 2.9, both as a comparison
of the two methods and as a demonstration of the capabilities of our proposed method. The

comparison was conducted using the quantitative metrics: NMSE, SSIM and PSNR. The results
for our proposed method represent the optimal number of principal components used for fitting

which resulted in the best total patient average as shown in Figure 2.4.
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resolution acquisition equivalent to the same acceleration rate are shown as references.
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Fully-Sampled

Figure 2.9: A visual representation of the effects of acceleration on the final frame of the best (top) and
worst (worst) performing patient data sets. The optimum Npcvalue for each acceleration was used in
the reconstruction. A comparison is also done with the initial fully-sampled image.

2.4.3 Contouring Capabilities

Dice coefficient and Hausdorff distance were used to test the ability of our reconstructed images
to contour structures as compared to the same structures identified on the fully-sampled images.
Centroid displacement was also tested to measure the accuracy of the region of interest being
contoured to the same region of interest on a fully-sampled image. Figure 2.10 shows the impact
of acceleration rate on the contour ability and is benchmarked against the previous method by
Dietz et al. The results from our method represent the optimal number of principal components
fitted to produce the best total patient average. As with the image quality tests, acceleration rates

of 3x, 4x, 5x, 6x, and 8x were used.
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Figure 2.10: Effects of acceleration rate on a) Dice coefficient, b) Centroid displacement and c) Hausdorff distance,
using our proposed method. Displayed are averages from all patient data sets using the optimal number of PCs for
fitting as identified during testing. A comparison was also performed with the previous method by Dietz et al.

Statistics from a low-resolution acquisition of an equivalent acceleration rate are also included for reference.

Figure 2.11 provides further detail into the effects of the number of principal components used
for fitting over various acceleration rates. The same number of principal components used for
fitting per acceleration rate was kept consistent with the image quality tests represented by

Figure 2.4.
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2.5 Discussion
2.5.1 Core size and Ncomp selection

The two best-performing and two worst-performing patient data sets in terms of NMSE, SSIM,
and PSNR at an acceleration factor of 3x were selected to test various combinations of core size
and Ncowmp that created acceleration factors ranging up to 8x. Once a particular combination was
chosen for a specific acceleration rate, it was then run on all fifteen patients to fully test the
method’s capabilities at a particular acceleration. The maximum core size that was tested was
sixteen and the minimum core size tested was eight. There is a trade-off when determining the
size of the core; if it is larger, then fewer outer k-space points can be acquired which can lead to
less information and greater instability for fitting. If it becomes too small the PCs will be
calculated from a small database which can lead the PCs to be less representative of the range of

changes that are occurring in the outer k-space.
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2.5.2 Effects of Nrc on image reconstruction

For lower acceleration rates, using Npc values of four or five was optimal to get the best image
reconstruction quality. As Npc increased noise artifacts became more prevalent and degraded the
image quality when looking at the time evolution of the method. Further investigation is needed
to determine the best way to suppress these noise spikes, so that more PCs can be retained for
fitting thus providing more motion detail. As the acceleration increased the optimum number of
PCs for fitting became smaller, due to greater instability when fitting to more sparsely sampled
data. Overall, the noise artifact increased with acceleration. However, by reducing the number of

PCs for fitting, contourable images could still be derived at acceleration factors of up to 8x.
2.5.3 Temporal robustness

As shown in Figures 2.6a and b, the metrics representing image fidelity remain robust over time.
Slight fluctuations are likely caused by uncertainties in the fitting process possibly derived from
the small number of sampled points across the reconstruction window. In comparison to the
frame-based method, this technique shows much more stability over time, albeit with a sacrifice
in initial quality. This can further be seen in Figure 2.6c which compares the final frame
reconstructed with the two different methods. A comparison is also displayed between the final
frame of our method to the same frame of the fully-sampled data, as well as to the same data set
which was retrospectively acquired with only the central third of k-space and reconstructed using
a standard Fourier transform. In order to correspond to an acceleration of 3x, k-space was
divided into thirds and only the central data was acquired to mimic a low-resolution acquisition
for reference. Qualitatively, our method (Figure 2.6¢, Proposed Method) did not perform as well
as the fully-sampled image (Figure 2.6c, Fully Sampled), which is to be expected. However, it
did provide less blur and more image detail than only acquiring the central k-space data (Figure
2.6c, Low Res. Reference). This is quantified in Figures 2.8 and 2.10 through imaging and
contouring metrics. Figure 2.7 shows that over an imaging session the metrics used remain
relatively constant over time whereas for the Dietz et al. method the metrics degrade over time,

sometimes quite rapidly.
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2.5.4 Comparison to other methods

When comparing this proposed method with that of Dietz et al. at higher acceleration factors, it
appears our proposed method provides an overall advantage until an acceleration factor of 8x, at
which point the SSIM falls lower, although the NMSE and PSNR remain better (Figure 2.8).
Further comparisons were done to low resolution acquisitions equivalent to each acceleration
rate. Figures 2.8 and 2.10 demonstrate that using our reconstruction method provides better
quality images and contours than a simple low resolution acquisition. In the paper written by
Dietz et al. they compare their method to a standard Compressed Sensing technique and
demonstrated their method worked better.!! This suggests that our method would likely perform

better than that compressed sensing implementation.
2.5.5 Contour-based analyses

Auto-contouring of the target tumor is an important part of the Linac-MR as real-time imaging
produces too many images at too quick a rate for a radiation oncologist to keep up and maintain
the real-time nature of the process, so it is important that our proposed method produces images
at a good enough quality to work with the auto-contouring software. Six patients used in
previous contouring studies within our group were used to test contour ability of our
reconstructed images.!""!° The target tumors of interest were all lung tumors and ranged in cross-
sectional size from 1.4-5.0cm?.>* Tumour size and shape did not appear to play a significant role
in the ability to accurately contour. The effects of acceleration rate and the number of principal
components kept for reconstructed were tested using Dice coefficient, Hausdorff distance and
centroid displacement. Overall, our method shows higher Dice coefficient values, while also
maintaining lower contour displacement, as measured with centroid displacement and Hausdorff

distance, when compared to the previous method by Dietz et al.

At acceleration rates of 3x and 4x it appears that four to five PCs for fitting provided the best
images for reconstruction. At accelerations of 5x and 6x the number used for fitting drops to two
or three PCs and for an acceleration of 8x the number of PCs drops to only two. This is
somewhat expected due to greater fitting instability as less data is acquired at higher acceleration
rates. Noise artifact from this fitting instability can throw off the auto countering software which

can lead to a poor contour or not being able to contour the image at all.
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2.5.6 Limitations and Future Work

The incoherent noise spikes at higher values of PCs limits the number of PCs used for fitting and
therefore limits the amount of motion detail we can reconstruct. This can be seen with the Dice
coefficient plots vs Npc in Figure 2.11 in which the values initially increase with Npc, but then
decline as more noise artifact is introduced, nulling the detail gains. Adjustments in the

acceleration method algorithm will need to be made if more motion detail is desired in the future.

Each patient, used to test the contouring capabilities of the method, resulted in 591 reconstructed
frames, giving a total of 3546 frames for a given Npc value, at each acceleration rate. During this
testing it was found that the auto-contouring software was not able to distinguish a contourable
ROI on certain frames. Upon inspection, the frames for which contouring failed had a large
amount of artifact that was introduced into the reconstruction which caused some anatomic
structures to become indistinguishable. As shown in Table 2.2 this problem generally only
became an issue as the value of Npc was pushed too far. This issue affected certain patients more
than others. Further, it can be seen that at each acceleration factor, the parameters can be
optimized for consistent success in contouring. Future work will need to be done to ensure
success for all a greater range of options. Table 2.2 represents the number of uncontourable

frames as a function of acceleration rate and Npc.

Table 2.2: Total number of uncontourable frames over six total patients (total of 3546 frames) as a
function of PCs kept for reconstruction and acceleration rate

Nrc (Number of PCs employed for reconstruction)
Acceleration 2 3 4 5 6 7 8 9 10
Rate

3x 0 0 0 0 0 0 0 0 0

4x 0 0 0 0 0 0 0 0 2

5x 0 1 3 16 34 - - - -

6x 0 1 2 14 21 - - - -

8x 1 5 24 - - - - - -
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One of the next steps in testing will be acquiring prospectively undersampled data from the
Linac-MR system. While the retrospective approach allows for assessment compared to the
fully-sampled gold standard, acquisition of prospectively undersampled data can introduce
artifacts and will need to be investigated. Further work will also need to be done to determine
the cause of the spikes of uncertainty at higher Npc values. This is likely the cause for the
uncontourability of certain frames at higher Npc values due to reduced image quality. Being able
to increase the number of PCs employed for reconstruction may lead to better image quality by
better characterizing the motion detail. Utilizing previously fully-reconstructed frames into the
reconstruction of future frames may be one way of handling these noise spikes, by reducing
degrees of freedom in the fitting process and thereby improving stability, and is a potential area
for future work. Optimizing the size of the reconstruction window could be another solution. A
smaller window may be able to better represent the current state of the anatomy in question and
handle sudden changes. Alternatively, a bigger window may be needed in order to better average
out sudden changes. In future work this parameter should be subjected to optimization in order to

maximize stability of the algorithm.

The retrospective analysis performed in this study was done on combined data in order to
simulate a single channel. It is our plan in future to explore how this algorithm may be best
integrated into a multi-channel data set, for example whether it is best to reconstruct each with
the algorithm separately, or somehow combine the algorithm to operate on the data set as a

whole. However, we feel this is beyond the scope of this current work.
2.6 Conclusions

A computationally inexpensive real-time 2D accelerated MRI method using time domain PCA
requiring limited hardware (i.e., a simple receive coil and limited computing power) was
developed and tested using fifteen fully-sampled patient data sets. It was found that this method
provides good temporal robustness provided optimal parameters are chosen. Using image quality
metrics such as NMSE, PSNR, Dice coefficient and Hausdorff distance, it was found that this
method can provide real-time accelerated data acquisition and reconstruction, which can be
contoured with a similar accuracy to that of an equivalent fully-sampled image, up to an
acceleration factor of 8x. The algorithm did not require extra coil hardware, meaning it can be

run with simple single coil channel setups. It was found that reconstruction of raw acquired data
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can be performed at roughly 50ms per frame (Intel® Core 15-2430M CPU @ 2.40GHz, 6GB

RAM).
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Chapter 3
Effects of Added Noise

3.1 Introduction

In MRI, the signal to noise ratio (SNR) is an important factor when attempting to acquire and
reconstruct quality images. SNR is simply the amount of signal present in the image divided by

the noise level of the image (Equation 3.1).

SNR = MR Signal 31
"~ Noise (-1

The amount of signal available, in MRI, changes proportionally with the square of the B, field
strength.! This is caused by the increase in polarization at higher field strengths as well as the
increase in frequency of the precession. Increasing the polarization will result in an increased
number of magnetic moments pointing in the direction of the B, field. An increase in the
frequency of precession (correlating with Bo) will produce a linear increase in the rate of change
of the magnetic flux. Due to Faraday’s Law, in a wire loop, this will cause a linear response in

the induced emf in the coil increasing the amount of signal available.'

The amount of noise is dependent on the frequency of the system. At low frequencies (low field
strengths) the noise is dominated by the electronics and coils of the system. This causes the noise
to have a B, dependency.' As the frequency increases the noise starts to become dominated by
the sample which is being imaged. This noise has a linear B, dependence.! Most clinical field
strengths are found in this linear response region. Models have predicted that for field strengths
greater than or equal to 0.5T, the deviation from the linear response will be no more than 6.3%,
with the maximum deviations occurring around 0.5T.! There are many other factors that can
affect SNR in an MR system. These factors include sample conductivity and sample size, coil
choice, size or arrangement as well as acquisition time, spatial resolution, relaxation times and

proton density.

46



From equation 3.1, and assuming the noise is sample dominated, it can be seen that SNR will
change linearly with a change in B,. For this work a 100% linear response was assumed for all

noise levels.

B;
SNRx—x B,. (3.2)
B,
As discussed different field strengths result in different SNR levels. Additionally different MR
sequences can also produce different SNR levels. Testing the method at different noise levels
will demonstrate its limits when faced with changing SNR levels in the real world. Poor coil
placement, external noise sources and other unforeseen circumstances can arise during an

imaging session which can change the SNR. It is important to show that the method can handle

these sudden changes in SNR and still maintain acceptable images.

In this study the effects of added noise was tested on the through-frame PCA algorithm at noise
levels of N = 2, 4 and 6 when compared to the original 3T data at acceleration rates ranging from
3x to 8x. The through-frame PCA method utilizes a sliding reconstruction window in order to
fully-reconstruct the final frame of the window. PCA is performed on a core set of phase encodes
located in central k-space. Outside of this core, the phase encodes are undersampled. This
undersampled data is mulitplied with the calculated PCs to generate weights. These weights are
multiplied with the PCs calculated from the frame of interest and the acquired data from that

frame in order to fill in the missing data and fully-reconstruct the frame.
3.2 Methods

In order to test the effects of low SNR on our algorithm, random complex noise was added to the
original 3T data at N=2, 4 and 6 times the noise of the original fully-sampled image. The

standard deviation of the added noise was calculated such that:

Oadded = V N2 — lomeasurea- (3-3)
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Omeasured Was calculated on the real and imaginary channels of the complex image domain data by
selecting an image region of interest free of any signal or streaking artifact. Figure 3.1 provides
an example of the location and size of the region of interest

selected to measure the initial noise level of the image.

The measured standard deviation was averaged over all the
dynamic frames within the data set. The appropriate
standard deviation of added noise was then calculated
using equation 3.3 and used to generate a matrix of

complex noise with a gaussian distribution the same size as

Figure 3.1: A visual representation of a the image data matrix. This was then converted to the k-

region of interest used to measure the space domain using a Fourier transform for addition with
initial noise level of an image o . .
the original k-space data. Added noise multiples of N =2,
4 and 6 were evaluated. This testing was performed on the six data sets used to test the

contouring capabilities for the original data.

After reconstruction the accelerated images were analyzed for image quality using Normalised
Mean Square Error (NMSE), Structural Similarity Index (SSIM) and peak-SNR (PSNR). This
was done by comparing the noise added accelerated reconstructions to the original fully-sampled
data with no noise added. To investigate the trends of these metrics with regard to SNR, the
results were compared between each of the noise levels. The accelerated images at N=1 were
also included for comparison. A total of six data sets from non-small cell lung cancer patients

were used to test the algorithm.

The accuracy of the generated contours, drawn using auto-contouring software developed by our
group, was measured using the metrics; Dice coefficient, Hausdorff distance and centroid
displacement.® The contours were compared with those from the fully-sampled no noise added
data, which was considered the gold standard. As with the image quality metrics, the accelerated

images at N=1 were included for comparison.

The previous testing yielded metrics which included the noise distribution as well as the effects
from acceleration, due to the reconstructed images being compared to a no noise added image. In

order to strictly test the effects of acceleration on the method we performed a second series of
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evaluations in which the reconstructed images were compared to the same fully-sampled data
sets with noise added. The noise was added to the fully-sampled data sets in the same manner as
described above. In order to eliminate differences due to changes in noise pattern, these noise-
added, fully-sampled data sets were then undersampled (using the same undersampling patterns
as above) and reconstructed using the reconstruction code with the same optimal Npc values. The
reconstructed images were then compared to the fully-sampled data sets of the same noise level

using the same image quality and contour metrics described above.
3.3 Results and Discussion

Figure 3.2 demonstrates the effects of added noise of image quality metrics NMSE, PSNR and

SSIM at each noise level and for all acceleration rates tested.
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Figure 3.2: A comparison of image quality metrics (NMSE, PSNR and SSIM) at noise levels of N = 1,2,4 and 6 and

at acceleration rates of 3x, 4x, 5x, 6x and 8x.

As shown in Figure 3.2, the addition of extra noise has a noticeable effect on NMSE and SSIM

causing a large amount of variation while also having a smaller effect on PSNR.

While image quality metrics (NMSE, PSNR and SSIM) are important for measuring image
fidelity, the primary function of this real-time imaging application will be to accurately identify
and track image structures. Figure 3.3 demonstrates a comparison of contour statistics (Dice
coefficient (overlap of the reconstructed with the gold standard contour), Hausdorff distance

(greatest distance from a point in one data set to its nearest point in the other data set) and
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centroid displacement (distance between the centroid of one contour to that of the other contour))

over different noise levels and acceleration rates.
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Figure 3.3: A comparison of contourability metrics (Dice coefficient, Hausdorff distance and centroid displacement)

at noise levels of N = 1, 2, 4 and 6 and at acceleration rates of 3x, 4x, 5x, 6x, and 8x.

Figure 3.3 shows that there is less variation in contourability metrics, particularly the Dice
coefficient, between noise levels at a given acceleration rate when compared to the image quality
metrics in Figure 3.2. This is important as real-time imaging for radiation therapy will primarily
be used to track and contour structures of interest and in this context is more important than

image quality metrics.

Figure 3.4 is a visual representation of the effects of added noise on the images. For this work
noise added levels of N =2, 4 and 6 were tested. The standard N = 1 level is also shown as a

reference.
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Figure 3.4: A visual representation of the reconstructed images at each noise level at acceleration of 4x with an Npc

value of 5. A reconstructed image from noise level N=1 is shown as a reference. The position of the tumour in each
image is also highlighted. SNR values for each image are displayed in the top right corner. Each row represents a

different patient.

The increased noise is apparent in the images in Figure 3.4, corresponding to the added noise to
the k-space data. Despite this, it appears that decreased SNR by itself does not have a destructive
effect on the algorithm as it continues to reconstruct the undersampled data with correspondingly

noisier outputs.

51



4x

SSIM

Dice coefficient

1

09

0.8

0.7

0.75

0.7

0.65

0.6

0.55

Figure 3.5 demonstrates the effects of SNR level on the optimization of the number of PCs used

for reconstruction (Npc) using SSIM and Dice coefficient for acceleration rates of 4x, 6x and 8x.

A comparison is made between each noise level including the original N=1 reconstructed data.
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Figure 3.5: The effects of the number of PCs kept for reconstruction on SSIM and Dice coefficient at different noise
levels. Acceleration rates of 4x, 6x and 8x are displayed. The value at each noise level is the average value of the six

patients used in the study.

Figure 3.5 is a comparison of the effect of the number of PCs kept for reconstruction on SSIM

and Dice coefficient at the different noise levels. Similar trends can be seen at each noise level

meaning that minimal changes in parameters for reconstruction will be needed when the

algorithm is used at different noise levels. The number of PCs used for fitting is an important

metric in the optimization of this method. More PCs will allow for greater motion detail in the

image; however, the tradeoff is that more noise is introduced to the image. Optimization is
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needed in order to have enough temporal detail in the images without overwhelming them with

too much noise.

Figure 3.5 demonstrates that the evolution of metrics with Npc follow the same pattern regardless
of SNR level. This is important because once the parameters have been optimized for a particular
undersampling pattern and acceleration rate, they will require no or minimal changes when used
at different noise levels. It also shows that the algorithm should be able to withstand sudden
changes in SNR during an imaging session, while parameters associated with the acceleration

implementation will remain valid.

Figure 3.6 is a comparison of image quality and contour metrics over a range of acceleration
rates for a particular range of noise levels. For this comparison, the reconstructed images were
compared against a fully-sampled data set of the same noise level and to contours generated on

these added noise fully-sampled data sets.
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Figure 3.6: A comparison of image quality and contour metrics over a range of acceleration rates at different noise

levels.

Figure 3.6 demonstrates that the method appears to be robust against added noise. This can be

seen in each of the metrics as they appear to remain similar, within measurement error, for a
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particular acceleration rate as the noise level is increased. Figure 3.6 also shows that acceleration
rate affects the method in a similar manner to the no noise added data. This is to be expected and

appears to have only minor effects on metrics such as PSNR, SSIM and Dice coefficient.

These are important results as they demonstrate the robustness of the method as the SNR level
decreases and that higher acceleration rates even at low SNR levels have a limited effect on the
method. From these results it appears our method will acquire and reconstruct images of
acceptable quality, for its intended purpose of structure tracking, at low SNR levels, consistent to

what is found at 0.5T, at acceleration rates up to 8x.

Planned future work includes prospective acquisition on the 0.5T Linac-MR system developed at
the Cross Cancer Institute. This will provide a more accurate representation of how the method
works at low field strength as noise and signal are not the only things that change when field
strength changes. It will show the effects of different T1 and T2 times found at lower field

strengths and changes to contrast to noise ratio on image quality.
3.4 Conclusions

The effect of additional noise on the algorithm was tested. Added noise does seem to have an
effect of the image quality metrics (NMSE, PSNR and SSIM) but the contourability of each
image (Dice coefficient, Hausdorff distance, centroid displacement), which is more important in
a real-time auto-contouring environment, varied to a lesser extent as the amount of noise
increased. When using a noise-added fully-sampled data set as the gold standard for comparison,
the algorithm appears to be robust to the different noise levels that were tested. Acceleration did
appear to degrade the metrics, although this is to be expected and appears to be no different than
the case with no noise added. At each noise level at the various acceleration rates, the trend in the
number of PCs kept for reconstruction, in terms of SSIM and Dice coefficient, were similar for
each noise level. This means that at each noise level the same number of PCs used for
reconstruction in order to produce the best results is similar and there would be a minimal need

for changes in parameters when the algorithm is used at different noise levels.

While prospective analysis at lower field strengths will ultimately show how the algorithm
performs with added noise, this retrospective analysis has provided a general idea of how the

algorithm will perform and shows promise when used in a reduced SNR environment.
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Chapter 4

Conclusions and Future Work

Real-time MR imaging is becoming increasingly utilized in conjunction with radiation therapy
on hybrid Linac-MR systems. Real-time imaging can allow for adaptive radiation therapy where
the beam is constantly being shifted in order to focus solely on the target. Using real-time
imaging can allow for smaller margins to be used during treatment planning, meaning more
healthy tissue will be spared from harmful radiation. This can be done by tracking the target and
shaping the beam to conform to the target and even shut off the beam if the target moves out of

range.

In order to have effective real-time imaging, accelerated low latency MR techniques are needed.
The work presented in this thesis describes a potential acceleration method for on-the-fly real-
time imaging. The method utilizes Principal Component Analysis (PCA) and undersampled k-
space data in order to reconstruct a full image. Our method utilizes a core set of phase encodes in
central k-space in order to calculate the Principal Components (PCs) which are representative of
the temporal fluctuations of k-space over time and are consistently updated throughout an
imaging session. Outside of this core the outer k-space data is undersampled using a set of
complementary patterns. These complementary patterns ensure that all of k-space is acquired
within a pre-determined number of frames. A reconstruction window of Nwi frames is used to

fully reconstruct the final frame of the window.

Chapter 1 of this thesis provided background information into external-beam radiation therapy as
well as information on Linac-MR systems. It also demonstrated how PCs are calculated using
PCA. Chapter 2 provided an in-depth explanation of how our proposed method works. The
method was tested retrospectively on 15 fully-sampled 3T data sets using MatLab software
(2020b, The MathWorks Inc., Natick MA, USA). Analysis was done on image quality using
Normalised Mean Square Error (NMSE), Structural Similarity Index (SSIM) and peak-SNR
(PSNR). The accelerated reconstructed images were compared to the original fully-sampled 3T

data. Optimization was done in order to find the optimal number of PCs used for reconstruction
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at each acceleration rate. Comparisons were made with a previous PCA method by Dietz et al. as
well as a low resolution acquisition of equivalent acceleration rate.! Further to this, a subset of
six patients was used to determine the contourability of the reconstructed images, using auto-
contouring software developed by our group.? Dice coefficient, Hausdorff distance and centroid
displacement were used to compare the contours generated on the accelerated reconstructed

images to those developed on the original fully-sampled 3T data.

It was found that our method outperformed both the method by Dietz et al. and the low res.
acquisition over the course of an entire imaging session up to an acceleration factor of 8x, where
the differences between our method and Dietz’s became negligible. It was found that at the
beginning of an imaging session (the first 260 frames or so), the method proposed by Dietz et al.
outperformed our proposed method, particularly in Dice coefficient and centroid displacement.
However, as the number of frames acquired increased, the proposed method showed greater
robustness as the metrics showed less degradation. It was found that the optimal number of PCs
used in reconstruction varied with acceleration rate. For acceleration rates of 3x and 4x, 4 or 5
PCs was optimal whereas for acceleration rates of 5x and 6x, 3 PCs was optimal and for an
acceleration rate of 8x, 2 PCs was optimal. The contourability of our images showed good
agreement with those developed on the fully-sampled data. When optimal parameters are chosen
the Dice coefficient was still found to be around 0.88 at an acceleration rate of 8x, while
remaining greater than 0.9 for all other acceleration rates. An ideal value for Dice coefficient is

1.

Chapter 3 demonstrated how the method would handle lower SNR settings. Noise was added in
multiples of 2, 4 and 6, to the fully-sampled 3T data, in order to simulate different SNR levels.
The same subset of six patients used to determine the contourability without noise was again
tested for image quality and contourability, using the same metrics as above. The accelerated
reconstructed images were compared with the fully-sampled 3T data with no noise added and to

fully-sampled data with noise added at an equivalent noise level.

It was found that the image quality metrics NMSE, SSIM and to a lesser extent PSNR did show
degradation with increasing noise level. However, the contourability metrics, Dice coefficient,
Hausdorff distance and centroid displacement, showed less degradation, particularly the Dice

coefficient. This is important as the main purpose of this method will be to produce images that
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are able to be contoured in a real-time setting whereas the actual image quality will play a lesser
role. It was found that when optimizing the number of PCs used in reconstruction similar trends
were found at each of the noise levels, including no noise added, at each of the acceleration rates.
This means that when optimal parameters are found for a particular undersampling pattern and
acceleration, minimal changes will be needed when moving between different field strengths and
therefore different SNR levels. It also means that the method should be robust enough to handle
sudden changes in SNR which may occur during an imaging session. Visually it was found that
while the images at higher noise levels did appear noisier, the noise in the final reconstructed
image was proportional to that which was initially added. From this result it can be seen that the
algorithm will remain robust as changes in SNR occur and it will respond to changes in noise in

a roughly proportional way.

For this work only patients with lung tumours were studied due to the wider range of motion you
would find during a treatment session. While a lung tumour typically maintains a similar pattern
of motion throughout, sudden changes such as a patient taking a deeper or shallower breath may
occur. Investigation could be done in order to further validate the method. Additionally other
anatomy could be studied such as liver, prostate, and bladder. While these tumours may have less
periodic motion than a lung tumour, they are also susceptible to sudden movement due to various

bodily functions.

Further work can be done in order to be able to utilize more PCs for reconstruction. More PCs
would allow for more motion detail however using more PCs would also introduce more
uncertainty to the system. Currently it was found that while more PCs produced similar or better
results in terms of metrics, sudden noise spikes occur, producing images of unacceptable quality.
Optimization of the size of reconstruction window could be one technique to handling these
noise spikes. Further to this, utilizing the previous fully reconstructed frames into the

reconstruction of the current frame is an area that could be investigated.

Currently all testing of the algorithm has been limited to retrospective analysis of fully-sampled
3T data. Prospective analysis will need to be done on different systems and field strengths. While
SNR does change with field strength, it is not the only parameter which changes with field

strength. Parameters such as T1 and T2 weighting along with contrast and CNR also change.
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Prospective analysis at lower field strengths will give a more accurate representation of how the

algorithm will work under these conditions.

The fully-sampled data sets mimicked a single coil acquisition. In reality the data was collected
using multiple coils and combined together to form a single fully-sampled image. While an
advantage of this method is that it only requires a single coil for acquisition, investigations into
multi-coil setups could be made. Investigating when to utilize PCA during the reconstruction is
one example of this. In a multi-coil setup, PCA could be performed on the data acquired by each
coil and then combined after, or all the data could be combined first and then have PCA

performed on it.

We have developed an accelerated, low-latency MR reconstruction method for use in on-the-fly
real-time imaging. Reconstruction times were ~50ms per frame (Intel® Core 15-2430M CPU @
2.40GHz, 6GB RAM). Advantages to this method include being able to run the algorithm with
limited computing power along with only needing a single coil, avoiding the need for complex

multi coil setups.
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Appendix A

The purpose of this appendix is to provide a numerical example in order to better understand

Figure 2.3 and the process the algorithm goes through in order to fully reconstruct an image.

For this example, we will utilize a reconstruction window size of 60 frames (Nwm = 60). This
means that we will be fully reconstructing frame 60 of this window. Each frame has a resolution
of 128 phase encodes by 128 read encodes. Within each frame the central 16 phase encodes will
be acquired, along with all 128 read encodes for a given phase encode, in each frame in the
window giving a core size of 16. From this data we will calculate the principal components. This
will give us a matrix (PCA) of size 60x60 since we are acquiring principal components from 60
frames each representing a different state in the k-space evolution within the reconstruction

window.

The remaining phase encodes will be undersampled in such a way that the remaining 112 phase
encodes (128 phase encodes — 16 core phase encodes) are acquired in a pre-determined number
of frames within the reconstruction window using complementary undersampling patterns. If we

have 4 undersampling patterns (Ncomp = 4) then all of k-space will be covered every 4 frames.

We can then determine how many principal components we want to keep for use in
reconstruction (Npc). This number we can keep is limited to Nwin/Ncowmp principal components,
in this example 60/4 = 15 principal components. An optimal value of Npc using a core size of 16
and Ncowmp equal to 4 was found to be 5 PCs. This will mean that the PCA matrix will be of size
60x5. PCA is then undersampled in a way that the columns of the undersampled matrix (PCuys)
represent principal components calculated from frames with the same undersampling pattern.

This will mean that PCus will be of size 5x15.

Dus is a matrix which represents the acquired undersampled data, outside of the core phase
encodes, of a particular undersampling pattern. It will be of size (128*112)/4x(60/5) = 3584 x15.
This is then multiplied by the inverse PCus matrix (size 15x5). This calculates a matrix of
amplitudes (A, size 3584%5) which represent how well the principal components fit to the
acquired undersampled data. This amplitude matrix is multiplied by the principal components
calculated from the final frame (PCgnp) of the reconstruction window (frame 60) and again only

Npc principal components are kept. This gives PCenp a size of 5x1. The transpose of PCenp is
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then taken. When these two matrices are multiplied some of the missing data in frame 60 is filled
in. This entire process is performed (Ncomp-1) times in order to fill in all of the missing data. In
this example the process will be performed 3 times. Once all missing data has been filled in,

Denp is reshaped into a three-dimensional matrix of size 128x128x1. Figure A.1 provides a

visual representation of this example.

CORE (16
PEs)

Phase Encode

Undersampling

Select columns of PCA
matrix according to one
of the Ncowmp
undersampling patterns
pd-

Figure A.1: A numerical representation of
Figure 2.3. For this example, the entire
process will be run 3 times in order to

fully reconstruct Denp.
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