A Unified Probabilistic
Computational Framework for
Cross-Domain Compensated Medical
Imaging

by

Ameneh Boroomand

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in
Systems Design Engineering

Waterloo, Ontario, Canada, 2016

(© Ameneh Boroomand 2016



This thesis consists of material all of which I authored or co-authored: see Statement
of Contributions included in the thesis. This is a true copy of the thesis, including any
required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

11



Statement of Contributions

The following papers are used in this thesis. They are described below:

A. Boroomand, B. Tan, A. Wong, and K. Bizheva, ”Axial resolution improvement
in spectral domain optical coherence tomography using a depth-adaptive maximum-a-
posterior framework,” in SPIE Photonics West (BiOS), Vol. 9312, pp. 931241-931241,
March 2015.

This paper is incorporated in Chapter 4 of this thesis.

Contributor Statement of Contribution

A. Boroomand (Candidate) Conceptual design (80%)
Data analysis(90%)
Writing and editing (80%)

B. Tan Data collection (80%)

A. Wong Conceptual design (20%)
Data analysis (10%)
Writing and editing (10%)

K. Bizheva Data collection (20%)
Writing and editing (10%)

111



A. Boroomand, M.J. Shafiee, A. Wong, and K. Bizheva, ”Lateral resolution enhance-
ment via imbricated spectral domain optical coherence tomography in a maximum-a-
posterior reconstruction framework,” in SPIE Photonics West (BiOS), Vol. 9312, pp.
931240-931240, March 2015.

This paper is incorporated in Chapter 4 of this thesis.

Contributor Statement of Contribution
A. Boroomand(Candidate) Conceptual design (80%)
Data analysis(90%)
Writing and editing (70%)
M.J Shafiee Conceptual design (10%)
A. Wong Conceptual design (10%)
Data analysis (10%)
Writing and editing (20%)
K. Bizheva Data experiments (100%)
Writing and editing (10%)

v



A. Boroomand, A. Wong, and K. Bizheva, ” A Stochastically Fully Connected Condi-
tional Random Field Framework for Super Resolution OCT,” accepted for presenting in
SPIE Photonics West (BiOS) conference, Feb 2017.

This paper is incorporated in Chapter 5 of this thesis.

Contributor Statement of Contribution
A. Boroomand (Candidate) Conceptual design (80%)
Data analysis(90%)
Writing and editing (80%)
A. Wong Conceptual design (20%)
Data analysis (10%)
Writing and editing (10%)
K. Bizheva Data experiments (100%)
Writing and editing (10%)




A. Boroomand, M.J. Shafiee, F. Khalvati, M. Haider and A. Wong, " Noise-Compensated,
Bias-Corrected Diffusion Weighted Endorectal Magnetic Resonance Imaging via a Stochas-
tically Fully-Connected Joint Conditional Random Field Model,” in IEEE Trans Med Imag-
ing, Vol.PP, 2016.

This paper is incorporated in Chapter 6 of this thesis.

Contributor Statement of Contribution

A. Boroomand (Candidate) Conceptual design (70%)
Data analysis(100%)
Writing and editing (70%)

M.J Shafiee Conceptual design (10%)
Writing and editing (10%)
F. Khalvati Data experiment (80%)
Writing and editing (10%)
M. Haider Data experiment (20%)
Results evaluation (100%)
A. Wong Conceptual design (20%)

Writing and editing (10%)

vi



A. Boroomand, M.J. Shafiee, F. Khalvati, M. Haider and A. Wong, ” A Unified Bayesian-
Based Compensated Magnetic Resonance Imaging,” in 38th Annual International Confer-
ence of the IEEE Engineering in Medicine and Biology Society (EMBC), Orlando, USA,
August 2016.

This paper is incorporated in Chapter 6 of this thesis.

Contributor Statement of Contribution

A. Boroomand (Candidate) Conceptual design (70%)
Data analysis(100%)
Writing and editing (80%)

E. Li Writing and editing (5%)
M.J Shafiee Conceptual design (10%)
F. Khalvati Data experiment (80%)
Writing and editing (5%)
M. Haider Data experiment (20%)
Results evaluation (100%)
A. Wong Conceptual design (20%)

Writing and editing (10%)

vii



Abstract

The quality of medical imaging is an important factor that can directly affect on the results
of different medical imaging tests which routinely being used for various clinical studies
and related research. The existence of any type of image imperfection such as different
noise and artifacts can make some difficulties for the correct analyzing and consequent
interpretation of medical imaging test results and even may impact on the overall decision
of the performed clinical procedure. Due to this issue, there is always a motivation for the
quality enhancement of medical imaging that needs to be done by correcting for the different
image degradation that typically arise during medical image capture or reconstruction.

Computational compensated imaging provides a useful, cheap and easy solution for
the quality enhancement of different types of medical imaging when it compares to the
similar hardware-based compensation methods. A computational compensated medical
imaging basically aims to recover a compensated (true) image from degraded medical
measurement that is affected by the different types of acquisition/reconstruction image
degradation. Compensating for each single image degradation issue can be useful for the
quality improvement of medical imaging. Having a computational compensated imaging
framework to jointly correct for multiple acquisition/reconstruction degradation issues can
improve the functionality of current existing compensated imaging frameworks as they
mostly account only for a single specific type of degradation issue.

This work presents a novel probabilistic based computational compensated medical
imaging which is able to jointly account for several acquisition /reconstruction degradation
issues from the different domains in a unified computational framework. The developed
computational cross-domain compensated medical imaging specifically takes advantage of
a stochastically fully connected conditional random field (SFC-CRF) model in its frame-
work which improves the performance of the proposed compensated medical imaging in
producing of a desired compensated medical image.

A compensated optical coherence tomography (C-OCT) imaging is developed within
the framework of proposed computational cross-domain compensated medical imaging and
with aiming to jointly compensate for the degradation due to the optical aberrations and
speckle noise in OCT imaging. The developed C-OCT imaging is expanded to design
a compensated super resolution OCT (C-SR-OCT) imaging framework which is able to
generate a super resolution OCT (SR-OCT) image of higher quality from multiple OCT
measurements. The proposed computational cross-domain compensated medical imaging is
also used to develop a compensated magnetic resonance imaging (CMR) framework which
aims to improve the quality of MR imaging from different modalities by jointly correcting
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for the MR image degradation due to the intrinsic properties of MR scanner, bias field
inhomogeneities and inherent MR noise. The results of all three designed compensated
medical imaging platforms for the OCT imaging and MR imaging elaborate the promis-
ing efficacy of proposed probabilistic based computational compensated medical imaging
framework for the quality enhancement of different medical imaging techniques.
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Chapter 1

Introduction

Medical imaging techniques are an important and critical compartment of today’s medicine
which are required for performing many different medical procedures and clinical tests.
Taking advantage of different medical imaging techniques facilitates the disease investiga-
tion and follow-up procedure and also can help in earlier diagnosis and proper treatment
planning for the cure of many diseases. The results of any medical imaging test should be
analyzed and interpreted with the help of an expert radiologist or with taking advantage of
specifically designed automatic/semi-automatic processing softwares which aim to analyze
and interpret the result of medical imaging by performing different processing tasks.

The correct interpretation and analyzing of medical images is highly dependent on the
overall quality of acquired medical image such that any image imperfection may affect
on the correct visualization of the results and therefore make some complication for the
further required analysis and interpretation. Obtaining of medical images with higher
quality leads to the better representation of different details, features and structures of
the imaged tissue/organ such that can improve the validity of different required analysis
as well as results interpretations that needs to be done by an expert or using various
automatic/semi-automatic image processing softwares.

In general, all types of medical images suffer from a combination of image degradation
issues that overall reduce the quality of acquired medical image and hence negatively
impact on the optimal visualization of the different features, details and structures of the
imaged tissue/organ. Different types of acquisition and reconstruction degradation issues
may cause by some physical limitations of medical imaging system, using of a sub-optimal
image reconstruction algorithms or due to the different specific properties and features of
the tissue/structure that can intervene with the imaging procedure, all together result in



some imperfections on captured image.

Correcting for each single acquisition/reconstruction degradation issue is solely im-
portant for the quality enhancement of an acquired medical image. Compensated medical
imaging technique generally aims to produce a compensated image from obtained degraded
medical acquisition and by accounting for various types of acquisition and reconstruction
degradation issues.

Many efforts have been done to develop both hardware-based and computational based
compensated imaging techniques and to correct for the different acquisition/reconstruction
degradation issues that commonly happen with the use of different types of medical imaging
systems. Taking advantage of hardware-based image compensation techniques always need
to do a modification on the design of the imaging system or to add a new hardware
component to the system and therefore is more challenging and also highly costly when it
compares to the similar computational image compensation approaches. In addition, any
of the hardware-based medical image compensation techniques is only able to correct for
a specific medical image degradation issue.

Computational compensated imaging methods often provide an easier and cheaper so-
lution for the correction of different types of acquisition/reconstruction image degradation
issues. Some computational compensated imaging methods are versatile and can be applied
to the different types of medical imaging systems and with a small algorithm modifications
or even with no change. Furthermore, using of computational compensated imaging tech-
nique is advantageous since it can be designed such that account for the multiple image
degradation issues in a unified computational framework. Due to all these features, com-
putational compensated imaging methods are growing fast for the aim of medical image
compensation.

1.1 Motivation

Most of the previously proposed computational compensated imaging frameworks which
have been used for the aim of quality enhancement in different types of medical imaging
only account for a single image degradation issue or sequentially perform multiple compen-
sation tasks using separate processing steps, when each step only correct for a single image
degradation issue. Designing of a unified computational compensated imaging framework
which jointly corrects for multiple image degradation issues can be beneficial for the fol-
lowing reasons:



e Having a unified computational compensated imaging framework provides a more
optimized, cheaper as well as easier solution for performing of compensated medical
imaging when it compares to the similar hardware approaches. Jointly correcting
for several degradation issues is nearly impossible with the use of hardware-based
compensation techniques. According to these, there is a great motivation to design
a computational compensated imaging framework which is able to jointly correct for
the different types of image degradations in a unified compensation framework.

e Employing of some conventional compensation methods to correct for a specific image
degradation sometimes causes to another degradation issue or may increase the effect
of some other degradations which are undesired. For example, conventional methods
for the bias field inhomogeneities correction in magnetic resonance imaging may lead
to the MR noise amplification in produced compensated image. In such a situation,
adding another compensation step to correct for the secondary image degradation is
necessary. Having a unified computational compensated imaging framework which
jointly corrects for the both primary degradation issue and the effect of secondary
raised degradation issue can optimize the performance of compensated imaging and
consequently more enhances the overall quality of the produced compensated image.

e A computational compensated imaging model which has the ability of correcting for
multiple image degradation factors from both reconstruction and acquisition types
within a unified computational framework, can potentially reduce the complexity and
processing time of the whole compensated imaging procedure. This is beneficial for
many different required medical image processing and analyzing tasks that should be
performed in real-time.

1.2 Thesis Contributions

e Designing and developing of a unified probabilistic computational cross-domain com-
pensated medical imaging framework which is able to jointly correct for multiple
image degradation issues is the main contribution of this thesis. This is described in
detail in Chapter 3.

e The proposed probabilistic computational cross-domain compensated medical imag-
ing framework provides a general image compensation model that can be easily modi-
fied to be used with different types of medical imaging systems and also to compensate
for a variety of different acquisition and reconstruction image degradation factors.



The developed probabilistic based compensated medical imaging framework takes ad-
vantage of a newly designed stochastically fully connected conditional random field
(SFC-CRF) model in its framework, which improves the overall performance of pro-
posed compensated imaging. Adding of SFC-CRF model to the design of proposed
compensation framework is helpful for the incorporation of different structural knowl-
edge about the imaged tissue/organ to the compensation framework. Using of any
prior knowledge about the desired medical image can potentially improve the overall
performance of the designed compensated imaging framework in reconstruction of a
more true compensated image.

The proposed probabilistic computational compensated medical imaging framework
provides a cross-domain platform for performing of compensated medical imaging.
Hence, image degradations from different domain spaces can be handled together
using a unified compensated medical imaging framework.

A compensated optical coherence tomography (C-OCT) imaging is developed within
the framework of proposed probabilistic cross-domain compensated medical imaging
as explained in Chapter 3 and presented in Chapter 4. The developed C-OCT imaging
is able to generate compensated OCT images by jointly correcting for the optical
aberrations and speckle noise which are recognized degradation issues in all types of
OCT imaging.

A compensated super resolution OCT (C-SR-OCT) model is developed with tak-
ing advantage of proposed probabilistic computational cross-domain compensated
medical imaging framework of Chapter 3 as presented in Chapter 5. The designed C-
SR-OCT framework is able to generate SR-OCT images of higher quality with taking
advantage of multiple OCT acquisitions when it jointly accounts for the aberration
caused by the OCT system, motion artifact and speckle noise which are common
issues in OCT imaging.

A compensated magnetic resonance (CMR) imaging framework is developed with us-
ing the proposed probabilistic cross-domain compensated medical imaging of Chapter
3 and presented in Chapter 6. The developed CMR imaging aims to account for the
different degradation issues in MR imaging including MR aberrations due to intrinsic
properties of MR scanner, bias field inhomogeneity and MR noise which all destroy
the quality of MR imaging.



Chapter 2

Background

This chapter provides the required background and information related to the proposed
computational compensated medical imaging framework. Compensated medical imaging
is presented as a general inverse problem in Section 2.1. An overview of the most con-
ventional methods for solving of the compensated imaging inverse problem is provided in
Section 2.2. Blind compensated imaging is introduced in Sections 2.3 as an important
class of compensated medical imaging which mainly focuses on the system related degra-
dation compensation in medical imaging. Super resolution image compensation technique
is introduced in Section 2.4 as a suitable approach for performing of compensated medical
imaging in presence of multiple acquisitions. In addition, the main concept and theory be-
hind random field modeling is explained in Section 2.5 when the conditional random field
model (CRF) is presented as a well-known type of random field that could be incorpo-
rated to the different compensated imaging frameworks. Furthermore, the fully connected
conditional random field (FC-CRF) model is introduced as an extension of standard CRF
in Section 2.6 when it is compared to the standard CRF. A stochastic variant of the FC-
CRF model is incorporated to the unified probabilistic cross-domain compensated medical
imaging framework that is proposed in this thesis.

2.1 Compensated Medical Imaging

In all different types of medical imaging, the acquired medical image often provides a sub-
optimal representation of the imaged tissue/organ structures due to the effect of different
acquisition /reconstruction degradation factors that arise in using of various types of medi-



cal imaging techniques. Therefore, the degraded image needs to be compensated to provide
a better representation of the different details and structures of the imaged tissue/organ.

Different types of medical imaging systems are equipped with the specific hardware
components to compensate for the various types of acquisition /reconstruction image degra-
dations. However, adding a hardware image compensation component to the medical
imaging system is often a challenging task, needs to modify the designing of the system
as well as is usually expensive. Computational compensated imaging techniques are now
more of interest as they provide cheaper and easier solution for compensating of different
acquisition/reconstruction degradations in various types of medical imaging systems.

A computational compensated imaging method generally aims to recover a compen-
sated (true) image from degraded measurement that is affected by the different types of
acquisition/reconstruction degradation factors.

Suppose that Y is the true image that aims to be recovered from the degraded measure-
ment M, then the medical imaging process can be modeled as a general forward problem,

M = D(Y), (2.1)

that represents the explicit relation between the true image Y and measurement M using
the degradation function D(.). In general, different types of acquisition/reconstruction
degradations can be incorporated to the modeling of degradation function D(.) when all
deteriorate the overall quality of the acquired medical image. For many of the medical
imaging systems and depending on the type of image degradation, the degradation function
D(.) can be assumed as a linear shift-invariant function such that the forward problem
of Eq. (2.1) can be simply represented using a linear forward model. In addition, the
measurement M and the true image Y could be assumed in a same domain, for example
both can be in a spatial domain, or they can be defined in a cross-domain such as spatial-
k-space or spatial-Fourier domains.

According to the forward problem of Eq. (2.1), a compensated medical imaging frame-
work can be generally modeled as a inverse problem,

Y = C(M) = D™Y(M), (2.2)

where, C(.) = D!(.) refers to the compensation function that aims to compensate for the
different types of acquisition/reconstruction degradations that negatively affects on the
overall quality of the acquired medical image. A general diagram for both forward model
of Eq. 2.1 and inverse model compensated medical imaging of Eq. 2.2 are shown in Fig.
2.1.



Figure 2.1: A general diagram for the compensated medical imaging model (top row)
forward model, (bottom row) inverse model.

To perform compensated medical imaging, the inverse problem of Eq. (2.2) should be
solved through an optimization step,

~

Y =argmin J(Y). (2.3)
Yen
Here, J represent an objective function that should be minimized to find the best estimate

of the true compensated image Y when € denotes to the set of all admissible solutions for
image Y.

One main issue with the general inverse problem of Eq. (2.2) is the ill-possessedness
characteristics of the problem, meaning that the solution of the inverse problem (here, the
true compensated image Y') does not satisfy at least one of the existence, uniqueness, or
stability conditions [11]. Therefore, this issue needs to be accounted in designing of the
optimization step of Eq. 2.3 and to be able to find the best estimate of the compensated
image, Y, by solving the inverse problem of Eq. 2.2. Some of the general existing methods
for solving of the inverse problem of Eq. (2.2) are reviewed in Section 2.2.



2.2 Methods for Solving of Compensated Imaging In-
verse Problem

A large number of different computational methods are proposed to solve the general inverse
problem of Eq. (2.2) and for the aim of compensated imaging when the most conventional
approaches are grouped as follows:

1. Regularization Method

2. Bayesian Method

These methods are shortly reviewed in the following subsections.

2.2.1 Regularization Method

Solving the inverse problem of Eq.(2.2) and obtaining a stable solution for the aimed
compensated image, Y, is always challenging due to the different uncertainty factors such
as noise and various types of artifacts that may arise in the process of medical image
acquisition or reconstruction and using any type of medical imaging system. The solution
of compensated imaging inverse problem is only reliable under the condition that being
stable against the different uncertainty factors. Therefore, to find a stable solution for
the compensated imaging inverse problem as well as to prevent from the over-fitting issue,
most of the proposed computational methods take advantage of a regularization strategy
to enforce the solution of compensated imaging inverse problem to be stable.

A general form of a regularization method to solve the inverse problem of Eq. (2.2) can
be written as,

~

Y =argmin J(Y) = argmin{F(Y) +<R(Y)} (2.4)
YeQ YeQ

where, F'(.) represent how well the optimization model fits the measurement (data fidelity
term) and R(.) is a regularization function. Here, ¢ is the regularization parameter which
aims to maintain a proper balance between the amount of data fidelity and enforced regu-
larization on the solution of the inverse problem [13]. Choosing a proper ¢ is important for
finding the best estimate of the inverse problem solution. Different methods are proposed
to determine the best value of the regularization parameter, when the most popular ones
are as follows:



e Visual inspection: This way of regularization parameter setting is applicable for
the case that the viewer has a pre-knowledge about the true compensated image and
how it should be look like. In such a case, the visual inspection of the results can help
to select the best value for the regularization parameter and through an empirical
experiment procedure [13].

e L-Curve method: In this form of regularization parameter selection, compensated
imaging being performed using different values of regularization parameter ¢ and the
data fidelity term being plotted against the prior term when the plot is in a L-shape
curve. Using this L-shape plot, the optimal value for the regularization parameter
can be defined as the corner point of the curve [15, 18].

e Generalized cross-validation (GCV) method: The GCV method works based
on the idea that, finding the inverse problem solution with taking advantage of all
observations except one should be able to predict the left observation with the min-
imum prediction error. The optimal value of the regularization parameter can be
calculated by minimizing the prediction error and using a search technique or opti-
mization strategy [105, 104, 81].

In regularization based compensated medical imaging approach, the regularization func-
tion, R(.), basically enforces a prior information over the final solution of the true com-
pensated image, Y. The enforced prior information often can be determined based on the
different characteristics and features of the imaged tissue/organ. For example, the smooth-
ness of the imaged tissue at homogeneous regions or the presence of different sharp details
and features such as edges and boundaries can be used as the prior information.

Based on the specific type of the constraint that aims to be enforced on the final solution
of the true image Y and according to the different goals of compensated medical imaging,
various types of regularization functions using different kind of norms and energy functions
are being proposed.

1. Tikhonov regularization [154]: This is a popular regularization function which
has been used with different compensated imaging algorithms. In general, Tikhonov
regularization takes advantage of a form of image energy function such as, R(Y) =
|V, or R(Y) = [[VY][, to enforce the desired constraint on the final solution of
compensated imaging inverse problem in Eq. 2.4. Here, |[.[|, is the Euclidean norm
and V is a gradient function. Two different forms of Tikhonov based regularization
function are explained here.



e R(Y) = ||Y]|;: Image energy function using ¢; norm is a suitable option for
enforcing more sharpness and sparseness on the final estimate of compensated
medical imaging. This is due to the fact that the image energy function using
/1 norm leads to the more Laplace form distribution which has a heavy-tail
compared to the 5 norm that results in a Gaussian distribution for the image
energy function.

e R(Y)=|VY|,: Defines an energy function using the image gradient distribu-
tion. This has been introduced as a useful regularization function for the aim of
different compensated medical imaging tasks. The famous total variation (TV)
regularization as proposed in [132] takes advantage of the image gradient dis-
tribution for the regularization function. Using the image gradient distribution
with /; norm in TV leads to the better preserving of image discontinuities such
as edges in the final estimate of compensated image Y and compared to the
using of {5 norm [|Y||, [171].

2. R(Y) = >_V.(Y): This is a typical form of regularization function using Markov
ceC
random field modeling (MRF) which has been incorporated in different compensated

imaging algorithms. MRF based regularization function basically takes advantage
of a specifically designed potential function V,(.) which models the local interactions
among the data and with ¢ denoting a clique structure including a set of data sites
(image pixels/voxels) in a specified neighborhood and C' refers to the set of all possible
clique structures. Summation over all the clique structures determines the overall
data (image) energy. Different types of structural properties can be incorporated
to the MRF based image compensation framework with the use of specific designed
clique potential functions.

2.2.2 Bayesian Method

Bayesian based methods provide a statistical approach for computational compensated
medical imaging as they effort to solve the inverse problem of Eq.(2.2) with assuming both
measurement M and compensated true image Y in a random space [59, 51, , ].
Withins such a statistical framework, different inherent measurement/system related un-
certainties that typically exist in all different medical imaging systems can be incorporated
to the compensated medical imaging inverse problem and through the Bayes rule [10].
Bayesian methods are recognized as a strong way of inferring unobservable data (here,
true compensated image Y'), given some observations (here, degraded measurement M).
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According to the Bayes rule, the probability of the compensated true image Y given the
measurement M is proportional to the,

PY)P(M]Y)

P(YIM) = =5

(2.5)

where, P(M) is the prior probability for measurement M. Two main variants of conven-
tional Bayesian based methods that are widely used in the literature for the aim of image
enhancement [101, 102, 67, 50] as well image reconstruction [15, 111, 10] are the Maximum
Likelihood (ML) and Maximum a Posteriori estimation (MAP) as briefly explained here.

e Maximum Likelihood Estimation: In the Maximum Likelihood (ML) based com-
pensated imaging context, the goal is to maximize the probability distribution of
measurement, M, given the true compensated image, Y, among all possible solutions
for Y according to,

Vi = argmin Jyp(Y) = argmin (~log(P(M[Y)) (2:6)
Ye

where, L = P(M]Y") is known as the likelihood term. For many of compensated med-
ical imaging approaches, it is assumed that the data (measurement) uncertainties can
be modeled as zero-mean independent identically distributed (iid) Gaussian random
variables which degrade the the overall quality of acquired measurements [3%, ].
In such a scenario, the likelihood term can be modeled as,

n

L= P(1Y) = [T - meon (5 s0m =€) 27)

L oV 2T 202
=1

where, o is the noise standard deviation and m;, y; respectively denote to the de-
graded measurement as well as compensated image at each single location i defined
over the assumed random space of n sites. Accordingly, the ML based compensated
medical imaging of Eq. (2.6) can be rewritten as,

YL = arg m}g’n (—log 11 U\}%exp (—%ﬂ(mi — C(yz))>> . (2.8)

Other types of distribution such as Rician probability distribution is also used to
model the likelihood term L in compensated medical imaging [143, , 9] and for
the aim of image denoising.
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One main issue with the ML based compensated medical imaging is that the noise gets
amplified using the ML based image compensation [153, 115]. A constrained version
of ML based compensated imaging is suggested to help with this issue and with
the use of different constraints for different compensated imaging applications [71,

, 74, 48]. For example, ML based compensated imaging using a simple positivity
constraint [175, 153] is suggested,

YL = arg m&n (—log(P(M|Y))) subject to y; >0 Vi, (2.9)
and with the use of an iterative method [153] to find the final solution Yj;y..

Depending on the properties of the chosen likelihood function, L, for the ML based
compensated imaging framework, a suitable optimization algorithm needs to be used
for obtaining the best estimate of the final solution [$6]. Non-linear conjugate gra-
dients and limited-memory variable metric methods has been introduced as suitable
optimization techniques for solving the inverse problem of Eq. (2.2) using the ML
based approach [38, ].

Maximum a Posteriori Estimation: In the Maximum a Posteriori (MAP) based
compensated medical imaging context, the goal is to maximize the probability dis-
tribution of the solution (here, compensated true image Y) given the measurement
M according to,
Yirap = argmin Jyap(Y) = argm}}'n (—logP(Y|M)). (2.10)
YeQ
Using the Bayes Rule, there is a relation between the probability of the solution given

measurements, P(Y|M) that should be maximized in the MAP framework, and the
likelihood term, P(M|Y"), in the ML approach,

PY)PMIY)

PYIM) = =5

(2.11)
such that, the solution of MAP based compensated imaging is a modified version
of the ML solution. In the relation of Eq. (2.11), the probability of measurements,
P(M) can be neglected since it does'nt depend on the solution Y. Therefore, the
MAP formulation of Eq. (2.10) can be rewritten as,

Yirap = argmin Jyap(Y) = arg m};’n (—log (P(M|Y)P(Y))), (2.12)

Yen

where, P(Y) defines some prior terms over the solution Y which act similar to a
regularization term which is applied to the solution of ML approach. A wide variety
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of prior terms such as gradient based priors [151, | as well as filter bank based
priors [60, , | have been proposed for the aim of generating a compensated
image with higher image quality [32]. Here, the likelihood term basically enforces
the data fidelity over the final solution of the MAP problem. Tunning between the
data fidelity term and the amount of prior enforcement is required for obtaining the
most optimal solution for the compensated image.

2.3 Blind Compensated Imaging

An important class of compensated medical imaging methods mainly aim to compen-
sate for the image degradations due to the effect of imaging system. In various types
of medical imaging techniques, the effect of system related degradations can appear as
blurring/aberrations such that reduces the overall quality of acquired image and make
difficulties for the easy visualization of the different features and details of the imaged
tissue/organ [13, 27, , , 49, |. In general, the effect of system related image
degradations on the acquired image can be modeled through a forward problem,

M = Dy (Y), (2.13)

where, Ds,s basically models the system characteristic function named as point spread
function (PSF). According to this model, compensated medical imaging can be performed
through an inverse problem which aims to compensate for the image degradations due to
the effect of system characteristic function (PSF).

Variant types of computational methods are proposed to obtain a true estimate of com-
pensated image by removing the effect of system related image degradations when they
are mainly classified as non-blind and blind techniques [56, 13, 139]. The non-blind com-
pensated imaging methods need to have a pre-knowledge about the system PSF function
to obtain the best estimate of compensated image. According to the literature, the most
common prior assumptions for the PSF function are the positiveness constraint [3], PSF
function with known distributions, smoothness and symmetry constraints as well as PSF
function with finite support [4, , 20, , |. However, the correct characterization
and modeling of the imaging system PSF function is a complicated task which needs a
good knowledge about the physical design and properties of the imaging system.

Blind compensated imaging techniques are able to calculate a compensated image with
no prior knowledge about the imaging system. Within a blind compensated imaging frame-
work, both of the PSF function and the true compensated image are estimated through
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solving an optimization problem when the estimation procedure can be performed inde-
pendently or as a joint optimization problem [13].

One general approach for performing of blind compensated imaging is through a Bayesian
framework,
P(MIY, Dyys) P(Y) P(Dsys)

P(M) ’

where, the aim is to find the best estimate of both PSF function Dy, and true compensated
image Y using the available degraded measurement M. In formulation of Eq. (2.14),
P(M]Y, Dyys) is the likelihood term and P(Y), P(Dsy,s) respectively represent the pre-
defined priors over the true compensated image Y as well as the PSF function Dj,,. Since
P(M) is a constant term, it can be ignored in solving of the optimization problem. Here, a
conventional assumption is to assume parametrized prior distributions for the PSF function
D,,s as well as compensated image Y when the Bayesian formulation can be written as,

Jpp(Y) = P(Y, Dgys| M) =

(2.14)

P(M‘Y, Dsys;Q)P(Y|Q)p<DSyS’Q)P<Q)

P(Y7 DsysaQ |M) - P(M) )

(2.15)

where, ¢ is known as hyperparameter that is modeled using the prior term P(p). In many
of proposed blind compensated imaging techniques, the hyperparameters o are calculated
through a hierarchical Bayes modeling [99, 3%, , 109] which includes of two steps. The
aim of the first step is to model the prior terms P (Y |g) and P(D,,s|0) which are dependent
to the hyperparameter p and the second step efforts to define the prior term P(p) for the
hyperparameters.

The true compensated image Y can be estimated by minimizing negative log of posterior
probability in Eq. (2.15),

Yip = arg myz'n —log / P(Y, Dyys, 0 |M)dDyysdo (2.16)

Dsys,@

which is marginalized over the hidden variables Dy, and o. Alternatively, the inference
problem can be performed through an evidence analysis [98] which has two steps, when the
first step jointly obtains the best estimate of the PSF function Dy, and the hyperparameter

o

D;ys, 0=arg min | —log /P(Y, Dgys, 0 |M)dY (2.17)

sys,0
Y
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and the second step aims to find the best estimate of compensated image Yeb using the
estimated PSF function D,,, and the hyperparameter ¢ from the first step,

Yip = arg min (~log (P(Y[2)P(MIY, Doy, 0)) ) (2.18)

2.4 Super Resolution Compensated Imaging

Super resolution compensated imaging is a recognized computational technique that takes
advantage of multiple degraded acquisitions of a scene (a tissue/organ in medical imag-
ing) to generate a compensated image with more resolution and higher overall quality. In
the field of medical imaging, super resolution techniques are shown as a useful computa-
tional approach that can overcome the resolution limitation of the imaging system when it
provides cheaper solution compared to the similar hardware techniques [62, , , A

Given a set of W degraded measurements My, the general framework of super resolution
compensated imaging can be modeled as a forward problem,

My =Dyp(Y)+R, k=1, W (2.19)

where, Dy, is the degradation function and X denotes to the noise of k" measurement. In
all super resolution imaging techniques, the degradation function Dy, basically models a
number of acquisition/reconstruction degradations including (1) the effect of PSF function,
(2) data decimation as well as (3) motion artifact. To be able to generate a compensated
image using any super resolution compensated imaging method, there should be a subtle
difference between the sequence of degraded data measurements. In most medical imaging
techniques, this condition can be easily satisfied since there is often a subtle difference
between the multiple acquisitions either due to the movement of the tissue/organ (for
example in imaging of moving organs such as eye or heart) or due to motion caused by
imaging system itself (for example the jitter in time domain optical coherence tomography
imaging system).

To obtain a compensated image, Y, using super resolution technique, an inverse problem
of,
Y =D (M), k=1,...W (2.20)

sup

should be solved.

A large number of techniques are proposed to solve the super resolution inverse problem
of Eq. (2.20) when the most popular methods can be categorized as: interpolation based
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approaches [119, |, regularization based methods [10, , D], frequency based tech-
niques [170, 163], sparsity based methods [172, , 52], wavelet based approaches [53, 92]
and learning based methods [12].

A general Bayesian approach for solving of SR inverse problem in Eq. 2.20 can be
formulated as,

~

Youp = argmin Jsr(Y') = argmin (—log(P(Y| My, Ms, ..., Mw))). (2.21)
YeQ YeQ

A summary of the main framework of all discussed methods for solving of compensated
imaging inverse problem along with their main features is provided in Table 2.1.
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Table 2.1: Summary of methods for solving of compensated imaging inverse problem.

Regularization Method

Features

A

Y =argmin J(Y),
YeQ

JY)=F(Y)+sR(Y)

RY) =Yl

R(Y) = |[VY],

R(Y) = > Ve(Y)

ceC

More sparsity and
sharp solution.

Preserving image dis-
continuities.

Models data interac-
tions, preserve struc-
tural information.

Bayesian Method

ML Estimation

MAP Estimation

Vi = argmin J(Y),
YeQ

Jur(Y) = —log(P(M]Y))

Yijap = argmin J(Y),
YeQ

Juap(Y) = —log(P(M[Y)P(Y))

Amplifies noise.

A regularized version
of ML with less noise.

Blind Compensated
Imaging (BCI)

Bayesian based
optimization for BCI

Yap = argmin J(Y),
YeQ

Jep(Y) = —log (P(Y, DsyS‘M))

Jointly estimate the
system PSF and com-
pensated image.

Super Resolution (SR)
Compensated Imaging

Bayesian based
optimization for
SR imaging

Yaup = argmin J(Y),
YeQ

Jsr(Y) = —log(P(Y | My, My, ...

, Mw))

Use multiple mea-
surements to perform
compensated imaging.
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2.5 Random Field Modeling for Compensated Imag-
ing

Any type of medical image contains some sort of contextual information that can be mod-
eled using the interactions that exist among the image pixels. The contextual information
basically include different details, features and structures of the imaged tissue/organ that
expected to be properly preserved in the acquired medical image. Capturing of a medical
image with exactly preserving all the contextual information of the imaged tissue/organ is
only possible if both imaging system and imaging procedure be ideal.

Inferring of different types of contextual information provides a source of valuable
knowledge about the image such that it is useful for the better image interpretation. In ad-
dition, the image contextual knowledge can be also incorporated to many different low level
and high level image processing tasks including compensated medical imaging techniques
and for the aim of improving the performance of the utilized computational technique.

Random field modeling is a powerful form of image representation that provides the
opportunity of modeling different image contexts through a graphical representation frame-
work. Assuming a set of finite measurements as a random field S, defined in the context
of graphical model, all the possible interactions among the data measurement, their de-
pendencies to the corresponding labels as well as all the interactions among labels can be
modeled thorough defining of proper connections between the graphical model nodes.

Different types of random field models are introduced in the literature with the most
popular one known as Gibbs random field (GRF), Gaussian random field (GRF), Markov
random field (MRF) [57] as well as conditional random field (CRF) [73]. MRF and CRF
modeling has found a big popularity in the field of medical image processing such that they
have been incorporated to a variety of image processing algorithms [152, 26, , 13, 58].
A brief explanation about the MRF and CRF modeling is provided here.

2.5.1 Conditional Random Field Models

CRF is a well-established form of undirected graphical model which is suitable for encod-
ing of all dependencies that exist among the data observations, the interactions between
the inferred labels as well as the relationships between the observations and correspond-
ing labels [73]. Such a structural encoding of the observations provides a useful form of
data representation that can be easily incorporated to the various computational imaging
methods and algorithms.
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CRF model is the discriminative variant of generative MRF model [131] which has a
simpler structure as well as less limitations for modeling of the complex data interactions.
While Generative models such as MRF attempts to model the joint probability distribution
over the inferences (labels) and observations, the goal of discriminative models is to find
a conditional probability distribution of inferences given the observations. The general
framework of an inference problem using both MRF and CRF models is explained in
follows.

2.5.2 Inference in MRF and CRF Modeling

Given a set of observation data, the goal of any inference step in both MRF and CRF
modeling is to predict the best estimate of the outcome solution (labels) for the problem.
The inference step using both MRF and CRF modeling are formulated here.

e MRF Model: Suppose M = {m;};cs represents a set of observations in random field
space S (Ex: data acquisition in medical imaging), then, using a Bayesian framework,
generative MRF models try to find a joint probability distribution P(M,Y") for the
set of observations M = {m;};cs and corresponding inferences Y = {y;};cs in the
form of,

P(M[Y)P(Y)

P(M) -

where, P(M|Y) is the likelihood term and P(Y’) represents some predefined prior
over the inferences of the problem. Since the probability of the observations, P(M),
does’nt change with respect to any solution Y, it can be simply considered as a nor-
malization constant and be removed from the formulation in Eq. (2.22). Also, to
simplify the calculation, in most cases, it is assumed that the conditional indepen-
dence condition satisfies, means each sample of observations M is independent on
the other observations samples with respect to the inferences Y and therefore the
likelihood term can be factorized as,

PMY) = HP<mz|y2> (2.23)

ies

P(M,Y)  P(Y|M) = (2.22)

where, 7 denotes to each location of the assumed random field domain S. Here, m; and
y; correspondingly denote the observation (data acquisition) and related inference at
ith site in S.

In the MRF and CRF literatures, the most common used model for the likelihood
term, P(m;|y;), is the Gaussian distribution function when the predefined prior over

19



the interferences, P(Y), is often modeled as a Gibbs distribution of the following
form [131],

1 1
P(Y) — Ee_E(Y) — Ze— 2eec Vc(Y), (2.24)

in which, C represents a set of cliques (mutually neighboring sites) over the assumed
observation graph and FE(.) represents the total energy of the inference Y over the
clique structures C'. Here the energy function F(.) is composed of a set of clique
potentials V.. Based on the different features and characteristics of the in-hand
problem, various forms of clique potential function V, can be used. In the formulation
of Eq. (2.24), Z is a normalization term, called as partition function.

For some applications working in the logarithmic domain can simplify the MRF
inference. In such a condition, the posterior probability distribution of MRF modeling
can be written as,

PYIM) = Serp |3 log(Plmifu)) + 3O Vel) | (225)
€S ceC

One restriction issue with using the MRF model arise from the independence con-
dition assumption of Eq. (2.23). Since the conditional independence between the
observation/inference samples does’nt satisfy in all sort of problems, the factorized
form of Eq.(2.23) is not always applicable. The lack of this assumption leads to
the intractable inference problem for MRF model. In such a situation, using CRF
model helps to overcome the computational tractability as CRF model does'nt need
to model the joint probability distribution P(M,Y’). The use of CRF model is also
preferred when the dimensionality of the observations is large and for the cases that
observations have many unknown dependencies.

CRF Model

The goal of CRF modeling is to directly find the posterior probability distribution of
inferences over the observations, P(Y|X), and without the need to model the joint
probability distribution P(M,Y"). To be able to use the CRF modeling, the positivity
assumption of: P(Y'|X) > 0 as well as the Markovian condition,

P(yi| M, y;,5 # i) = P(yilM,y;,7 € Ny). (2.26)

should be satisfied [75]. In this relation, y;, denotes to the set of inferences at all sites
of the observation graph except the location, ¢, and N; represents a neighborhood for
each location, 7, in the assumed observation graph. Markovianity basically shows the
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existent connections between each inference y; and the whole set of observations M as
well as its dependency to the inferences about other observations that are located in
the neighborhood of each location, 7, in the observation graph. In other words, a CRF
model is globally conditioned on the whole observations, M, and locally conditioned
on the observation inferences for a specified neighborhood.

According to the Hammersley-Clifford theorem and with the assumption of only up
to the pairwise clique potentials be nonzero [21], the posterior probability distribution
P(Y|M) in a CRF model can be represented as,

P(Y|M,0) = ;anexp(—E(Y|M))

E(Y|M) = ﬁ(ZieS \Ilu(ylﬁ M> wu> + Zies ZjeNi \I]p(yiv ij Ma wp))’

where, Z(.), denotes the partition function which is a normalizing constant, and E(.)
is an energy function defined over the observations random field, S, which includes
the unary (association) potential function, ¥, (.), and the pairwise potential function,
U,(.). Here, © = {w",w”} denotes to a set of model parameters that control the
effect of unary and pairwise potential functions on the final solution and N; represents
a specified neighborhood for each location 7 in the observation graph. In the CRF
model of Eq. (2.27), the pairwise potential function, ¥, is equivalent to the potential
term, V., in the MRF model of Eq. (2.25).

MRF Model Versus CRF model

According to the Bayes rule in Eq. (2.22), there is a relation between the formulation
of CRF and MRF modeling such that each framework can be converted to other by
some manipulation. However, the discriminative characteristic of the CRF model
makes it a more suitable approach for the aim of different data discrimination tasks
such as data segmentation [76, 58, 13], data labeling for the goal of classification [32,

] as well as object detection [117, 112] when the inference step is more tractable
compared to the MRF modeling.

Comparing of MRF and CRF models as formulated in Eq.(2.25) and Eq.(2.27) shows
two main differences that exist for the inference using MRF and CRF modeling:

(2.27)

1. First, in CRF modeling, the unary potential function, ¥, (.), at each location,
7, is a function of all other observations, M, and the corresponding inference,
yi, at that specific site. However, in MRF modeling and with the assumption
of conditional independence for the observations/inferences, the unary poten-
tial function is only dependent on the observation, m;, and the corresponding
inference, y;, at the same location, 7, in the observation graph.
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2. Second, in MRF modeling, the pairwise potential function for each pair sites
1 and j is independent of the observation M, and is only dependent to the
inferences y; and y; at those sites. However, in CRF framework, it is also a
function of all observations, M.

e CRF Potential Functions

The whole art of CRF modeling is in designing suitable unary and pairwise potential
functions. In CRF modeling, the goal of unary potential function is to enforce the
data fidelity to the final estimate of the problem solution, means constraint the
final solution to obey the data observation model. The pairwise potential function is
incorporated to enforce some of the inherent characteristics, properties and features of
the desired solution to the optimization problem. Choosing proper potential functions
for both unary and pairwise terms is of great importance such that directly affects
on the final solution of the CRF inference.

In the literature and with regard to the different applications, various types of func-
tions are suggested for modeling of pairwise potential function in a CRF frame-
work [61, , 23, 7, 75] such as the smoothness pairwise potential function [11] and
edge preserving pairwise potential[20].

e CRF Training

In CRF modeling, the set of model parameters, © = {w", wP}, basically controls
the effect of unary and potential functions in calculation of the final solution. The
training step aims to learn all the parameter of CRF model such that it results
to the best fitting between the posterior probability distribution, P(Y'|M), and the
observed training data. Intuitively, this means that by feeding of the CRF model
with all training observations, the CRF model should be trained well such that be
able to find a true inference, Y, about a new data observation M™".

Different methods are proposed for the aim of parameter learning in CRF model-
ing. The most typical way of CRF training is to find a set of parameters, ©, such
that it maximizes the log-likelihood function of the posterior probability function,
P(Y|M) [73]. This is subject to enforce a prior, P(©), over the parameter set, © (To
avoid the over-fitting problem), yielding an objective function of the form,

L(®) = Z loge P(y'|m") + logP(0©). (2.28)

Some of the other most popular methods that are proposed for the aim of CRF
training are including the gradient descent method, sum-product belief propagation,
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loopy belief propagation as well as mean field method [73]. Some approximation
methods such as the pseudo-likelihood are also proposed for learning of parameters
in CRF modeling when CRF has a complex structure [117]. These approximation
methods are usually more simpler compare to the exact sampling methods when they
provide a good consistency with the parameters estimates.

After training of CRF model parameters, O, the inference over any new data obser-
vation M™" can be performed as,

Y* = argmaxy P(Y|M", O). (2.29)

Different methods are proposed for solving of the inference optimization problem
of Eq. (2.29) when the best choice of the algorithm is often chosen based on the
structure of CRF model and the complexity of its potential functions [117, 73].

2.6 Fully Connected Conditional Random Field Model

One main limitation with the standard CRF modeling is that, the standard CRF models
only account for the sparse, local interactions that exist among the data inferences while
they ignore the incorporation of long-range inference interactions in to the CRF model [19].
This limitation comes form the specific design of the pairwise potential function as it only
accounts for the inference interactions in a specified spatial neighborhood of typically 4-8
pixels.

For many of the CRF applications, using of the standard CRF modeling that only
accounts for the short-range pixel-wise connections is more preferable since it leads to the
more tractable inference problem with less amount of computation. However, ignoring of
long-range interactions in the design of CRF framework may lead to the over-smoothness
of the inference solution and also cause some inconsistency [0, 63, |. In addition, only
accounting for the short-term local interactions in the designing of CRF modeling may
lead to the loss of some useful global contextual information that are useful for obtaining
a more true estimate of the final solution. Leveraging of the global contextual information
to the CRF model needs to be considered by accounting for the long-range interactions in
the design of CRF framework [19].

Incorporation of the long-range observation/inference interactions in to the random
field modeling has been accounted using the different approaches. Hierarchical conditional
random fields (HCRF) are proposed to feed the CRF models with the contextual informa-
tion of different scales. A typical form of an energy function for the HCRF model can be
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formulated as in [72, , l,

E(Y|M,0;,) = Z\IJ (yi, M, w") + Z U, (v, y;, M, wP) + Z U, (yi, Yo, M, w")
ieS i€S8,jEN; i€S,keC
(2.30)
where, U, (.) and ¥,(.) respectively denote to the unary and pairwise terms that is typical
in CRF modeling and W,(.) represents a higher order potential function which models the
long-range interactions. In this formulation C' is a clique structure with arbitrary size
defined over random space S such that it accounts for the long-range interactions. Here,
O, = {w*, w?, wh}, represent a set of model parameters that control the effect of unary,
pairwise and higher order potential functions on the inference solution.

CRF models with higher order potentials are proposed for performing of different image
processing and computer vision tasks which need to account for the higher order observa-
tion/inference dependencies in to the inference framework [133, , 91].

Fully Connected CRF models (FC-CRF) are introduced as an extension of standard
CRF modeling which assume a connection between each node in the observation graph
to the all other graph nodes. Using of the FC-CRF framework allows for modeling of all
possible long-range interactions that potentially exist among the observations/inferences

and therefore improve the accuracy of the inference step. A general form of energy function
for the FC-CRF model can be formulated as,

E(Y|M,0) => W,(y, M,w")+ Y Vy(ys,y;, M,u") (2.31)

i€S i€S,jeC

in which, ¥,(.) is the unary term and W,(.) is an extension of the pairwise term in stan-
dard CRF modeling such that models the connection of each site ¢ in the observation
graph model to the all other sites 7 € C' when C defines a clique structure over the random
field space S. Ideally, to account for the full connectivity concept in FC-CRF modeling,
the clique structure C' should encompass the whole random field space of observations.
However, accounting for such a large click structure makes the inference problem highly
computational and mainly intractable, particularly when the problem size scales up. This
computational issue leads to a big challenge in using of FC-CRF modeling. The con-
ventional methods such as belief propagation, graph-cut based methods and mean field
approximation are not able to truly solve the inference problem of FC-CRF model for the
large-scale data [120, ]. Hence, the most recently related research of the field are con-
centrated on finding more tractable computational inference algorithms that are capable
of handling the large-scale inference problem in using of FC-CRF model framework.
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Different techniques are proposed to reduce the computational burden of the inference
problem in FC-CRF model. A filtering based approach using the the mean field approxi-
mation for the CRF is proposed in [03] when a combination of Gaussian kernels are used
to model the pairwise potential term in the FC-CRF model. An extended version of this
filter based inference approach is proposed in [159] which takes advantage of more general
Gaussian kernel and in [160] which allows for the incorporation of higher order potential
terms to the framework of FC-CRF modeling. An efficient inference approach for the FC-
CRF problem is also proposed in [178] by enforcing a stationary constraint on the pairwise
edge potential function with arbitrary distribution which is less limiting compared to the
work of [63] which models the pairwise term using Gaussian distribution. One method is
proposed for the simplification of FC-CRF inference step through modeling of the pairwise
term as non-parametric distribution, designed based on a dissimilarity measure. In such
a proposed inference framework, the pairwise distribution needs to be learned with tak-
ing advantage of the available training observations. This inference method can be used
with more general FC-CRF frameworks as it is not limited to the selection of a specific
distribution for the pairwise term but with the similar efficiency to the method of [63].
A similar technique to the work in [63] is also proposed to solve the inference problem
of FC-CRF model in problems with continuous solution, for example in solving of a re-
gression problem [126]. Despite the great efficiency of all these approaches in terms of
reducing the complexity of the FC-CRF inference problem, all these techniques are still
limited to the use of specific types of potential functions which basically treat the inference
problem as a filtering task. Developing of more general inference methods with the ability
of incorporating arbitrary potential functions is still under investigation and needs more
research.

Training of FC-CRF model parameters has been performed using various methods such
as piecewise training algorithm [63, ] and learning using a structured support vector
machine [107].
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A graphical representation for all MRF, CRF and FC-CRF models are provided in Fig.
2.2(a-c) when it shows the differences between these random field models.

~.
~s

(a) MRF (b) CRF

Figure 2.2: Graphical representation of (a) MRF model, (b) CRF model and (¢) FC-CRF
model.
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Chapter 3

Unified Probabilistic Framework for
Cross-Domain Compensated Medical
Imaging

3.1 Introduction

Designing of a unified probabilistic computational framework for cross-domain compen-
sated medical imaging is the main contribution of this thesis. The goal of using such a
framework is to generate a compensated image of higher quality with simultaneously ac-
counting for the different degradations that happen in both acquisition and reconstruction
domains and commonly exist in various types of medical imaging. Such a computational
compensation framework can provide a more optimized, cheaper as well as easier solution
for performing of compensated medical imaging when it compares to the similar hard-
ware approaches. Jointly compensating for the different image degradations in acquisition
and reconstruction domains is not possible through any of the hardware approaches since
each single type of image degradation needs to be compensated using a separate hardware
competent which is specifically designed for that aim.

This chapter describes in detail the general formulation and design of the proposed uni-
fied probabilistic computational framework for cross-domain compensated medical imag-
ing. A general diagram of the proposed computational cross-domain compensated medical
imaging framework is shown in Fig. 3.1. The main component of the designed framework
is the computational compensated imaging block which is generally fed by measurement
in acquisition domain, characterization of the degradation in acquisition domain as well as
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characterization of the degradation in reconstruction domain. The output of the designed
computational cross-domain compensated medical imaging framework is an estimation of
the desired compensated medical image.

Measurement in acquisition

domain
Characterization of Computational Compensated
degradation in acquisition »| compensated f—s medical imade
domain Imaging 9

Characterization of
degradation in reconstruction
domain

Figure 3.1: A general diagram for the proposed computational cross-domain compensated
medical imaging framework.

The novel contributions of the proposed cross-domain compensated medical imaging
framework are elaborated here.

1. The proposed compensated imaging approach provides a general computational frame-
work for performing of compensated medical imaging that can be used for the quality
enhancement of different types of medical imaging techniques. The proposed com-
pensated imaging framework can be easily modified to account for the different types
of degradations in both acquisition and reconstruction domains which typically arise
in working with various medical imaging techniques. The general formulation of
the proposed cross-domain compensated medical imaging framework is presented in
Section 3.3.

2. A novel feature of the proposed computational cross-domain compensated medical
imaging approach is to incorporate a newly designed random field model named as
stochastically fully connected conditional random field (SFC-CRF) in to the mod-
eling of cross-domain compensated medical imaging framework. The incorporation
of SFC-CRF model to the framework of proposed cross-domain compensated med-
ical imaging opens up the possibility of incorporating different types of available
structural information about the tissue/organ to the designed compensated imaging
framework such that can help in better calculation of the true compensated image.
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The general concept and formulation of the utilized SFC-CRF model is explained in
Section 3.2 when it is compared to the typical FC-CRF model.

3. One of the main feature of the designed compensated imaging framework is that it
provides a cross-domain platform for performing of compensated medical imaging. It
means that, the proposed computational compensated imaging framework provides
the possibility of incorporating the image degradations from the different domain
spaces in a unified compensation model framework (for example accounting for the
aberrations in k-space and noise in spatial domain). This is an advantageous feature
for performing of computational compensated imaging because many sort of image
degradations can be better compensated in one domain as opposed to the other
domain. When there is a mixture of image degradations from different domains,
such a proposed cross-domain compensated medical imaging framework that is able
to jointly handle these image degradations is preferred since it can optimize the
performance of compensated imaging.

4. The proposed cross-domain compensated medical imaging model can be extended to
a super resolution compensated imaging framework which produces a compensated
medical image with taking advantage of multiple data measurements. The general
formulation of the developed super resolution compensated imaging framework is
presented in Section 3.4. A summary of this chapter is provided in Section 3.5.

3.2 Stochastically Fully Connected Conditional Ran-
dom Field Model

Stochastically fully connected conditional random field (SFC-CRF) refers to a specific type
of fully connected conditional random field in which the data observation interactions are
modeled using a stochastic process. Similar to the FC-CRF model that is explained in
Section 2.6, in SFC-CRF modeling, the main assumption is that each data observation has
a relationship to the all other data observations but through a stochastic clique structures
with specific probability distribution. The advantage of incorporating such a stochastic
architecture to the SFC-CRF modeling is in reducing the overall number of pairwise cliques
such that it helps in having a more tractable FC-CRF model with less required computation
time.

Similar to the formulation of FC-CRF model, a general form of an energy function for
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a SFC-CRF model can be formulated as,

B(YIM) = 3 Wy, M) + 30, (g, M). (3.1)

€S el

In this formulation, M = {m,;},cs denotes to the data observations within an assumed
random field S and Y = {y; };cs represents a set of observations states at all locations ¢ in
the defined random space S. Here, y, € Y denotes to a subset of inferences (states) for
observations in a clique structure defined by C'. Similar to the conventional CRF modeling,
U, (.) and W,(.), are correspondingly denote to the unary and pairwise potential functions
with the following expressions,

\IIU(yia M) = Zngflg(yia M),
h=t (3.2)

\I}P(yw’M) = ZK wzflf(yiaijM)v

{yi,y;5 Yeyp, k=1

where defines the unary and pairwise potentials as a combination of specific designed fea-
ture functions f*(.) and f?(.). In this formulation, the parameters w" and w? respectively
control the effect of unary and pairwise potential feature functions in the training step of
SFC-CRF modeling.

The art of SFC-CRF model is in taking advantage of a stochastic design for the clique
structure C' [137]. Different types of clique structure can be incorporated to the SFC-CRF
modeling when one simple approach is to design a pairwise clique structure, in which, C'
represents a set that contains the clique structures for all pixels,

C = {c,(1) }ies, (3.3)

cp(i) = {2, ))|jeNi, 1y = 1}.

Here, N; = {j|j € S,j # i}, represents the whole neighborhood of each site (node), i,
in the data observation random space. In the formulation of clique structure in Eq. 3.3,
the defined clique structure for each site, 7, is determined based on a specific stochastic
indicator function, ¢;;, which determines the connectivity of each node, 7, to the other
nodes, j, over the whole defined neighborhood (basically, the neighborhood should contain
the whole data observation random space for satisfying the full connectivity condition).
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The stochastic indicator function, ¢;;, can be constructed using different probabil-
ity functions when these probability distributions are chosen based on the specific fea-
ture/properties of the in-hand problem. One typical design for the stochastic indicator
function that can be useful for compensated medical imaging is formulated as,

1 PPPE>T
lij = (34)

0 otherwise

in which the stochastic indicator function, ¢;;, is determined as a combination of two
different probability distributions P°F and PP when they are characterized as follows:

e The probability function, P°F, which aims to account for the spatial relation between
each two nodes 7 and j in the designed SFC-CRF model, meaning that the pair nodes
which are spatially closer have assigned a higher probability to be connected in the
design of SFC-CRF model.

e The probability function, PP, which aims to account for the relations of the data
observations at each two pair nodes ¢ and j using a probability function and enforce
it to the SFC-CRF modeling.

In this model, 7', refers to a threshold that controls the amount of graph sparsity by
determining the amount of connections between graph nodes.

A schematic representation of a general SFC-CRF model is shown in Fig. 3.2 using
a graph G(9,8). In this graphical representation, ¢, includes all graph nodes which de-
termines the states, Y = {y;}ics, in SFC-CRF model and § is the set of all graph edges
that shows the connection between each two nodes y; and y;. Corresponding to each node,
there is an observation m; € M. In SFC-CRF modeling, the graph G can be assumed
as a realization of a random graph [33] and due to the point that the edges of graph are
randomly drawn from a predefined distribution. Here, each node of graph is connected
to the all other nodes through a specific designed stochastic indicator function, ¢;;, which
basically defines the probability of connectedness between the nodes.

31



Figure 3.2: A graphical representation of a SFC-CRF model. The connectivity between
each pairs of nodes is defined through a specific distribution. Each two pairs of nodes are
connected based on the probability drawn form this distribution. The connection between
each pairs of nodes y;, and y; are determined using an edge 3;;. Corresponding to each
node, y;, there is a observation measurement, m;.

The main advantages of SFC-CRF model over the typical FC-CRF model are explained
here.

1. The incorporation of stochastic clique structures to the modeling of FC-CRF basically
leads to a sort of down-sampling of the graph node connections in FC-CRF model
such that a considerable number of nodes will likely be disconnected. As a result of
these node reduction, the computational complexity of the SFC-CRF model is highly
reduced compared to the standard FC-CRF models.

2. Taking advantage of SFC-CRF model is more advantageous and effective compared
to the standard FC-CRF model because it makes no limitation for using of approx-
imation algorithms or utilizing of specific potential functions that is often required
for handling of the inference problem in typical FC-CRF models.

These features of the SFC-CRF model makes it a better choice as well as more powerful
option for being incorporated to the compensated medical imaging framework.
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3.3 Unified Probabilistic Cross-Domain Compensated
Medical Imaging Framework

A general mathematical framework for the proposed unified cross-domain compensated
medical imaging is formulated in this subsection. As mentioned in Chapter 2, any type
of compensated medical imaging can be mathematically formulated as a general inverse
problem,

Y = D Y M, day, dpee), (3.5)

where, M and Y are the data measurements (medical data acquisition) and compensated
medical image. Here, D(.) denotes to the overall degradation function which can model a
variety of image degradations in both acquisition and reconstruction domains that com-
monly happens in different types of medical imaging. In the inverse model of Eq. 3.5,
the degradation function D is a joint function of data measurements M, degradations in
acquisition domain, d4,, as well as degradations in reconstruction domain, dg.., which all
need to be fed to the framework of cross-domain compensated medical imaging to calculate
a compensated medical image.

The general formulation of Eq. 3.5 can be easily modified to be fitted with different
types of medical imaging techniques and to compensate for a variety of various types of
image degradations such as noise, artifact, image aberration as well as dispersion.

The acquisition degradations mainly refer to the degradation issues that are caused by
the effect of medical imaging system itself and during the data collection. The acquisition
degradations mainly sources from some physical limitations of an imaging system such
as the imperfect design of different system’s components. Some specific properties and
features of the tissue/structure also may intervene with the imaging acquisition procedure
and therefore lead to the image degradation in the acquisition domain. In addition, image
degradations in reconstruction domain can also arise due to the use of a non-optimal image
reconstruction or processing methods. The existence of degradations in both acquisition
and reconstruction domains negatively impact on the overall quality of medical imaging
and hence correcting for that is required for the quality enhancement of all types of medical
imaging.

In many of medical imaging techniques, the data acquisition and image reconstruction
steps need to be performed in different domains (for example: The data acquisition M is
in Fourier/k-space domain and the image reconstruction Y is in spatial domain). In such
a case, the acquisition and reconstruction image degradations may also arise in different
domains and therefore there is a preference for correcting of each image degradations in
the original domain that it occurs.
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The proposed cross-domain compensated medical imaging provides a computational
framework which ables for correcting of image degradations issues from different domains
using a unified compensated imaging model.

To perform compensated medical imaging and find the best estimate of a compensated
medical image }A/, the inverse problem of Eq. 3.5 should be solved. To this aim, the
proposed cross-domain compensated medical imaging is designed based on the Bayesian
model and with taking advantage of a Maximum a Posterior (MAP) framework,

Yirap = arg maxzP(Y|M). (3.6)
which aims to find the best estimate of compensated medical image Y by maximizing the

posterior term P(Y|M).

To this aim, the posterior probability of compensated medical imaging in Eq. 3.6 can
be reformulated as a general CRF model,

PY|M) = exp(—=E(Y, M)) (3.7)

Z(M)
where, Z(.) is a normalization term (called partition function) and E(.) basically defines
a joint energy function over the data acquisition M and compensated medical image Y.

The proposed cross-domain compensated medical imaging incorporates a new designed
probabilistic model (SFC-CRF model) in to its framework which leads to a novel proba-
bilistic framework for performing of compensated medical imaging. To this aim, the data
acquisition M and compensated medical image Y are assumed to be modeled in a random
field space S and with the graphical representation that is shown in Fig. 3.2. The joint
energy function F(.) in Eq. 3.7 is defined as,

E(Y, M) =Y "W, (y;, M)+ Y W, (y,, M). (3.8)
€S pel

where, U, (.) and W,(.) correspondingly model the unary and pairwise potential functions.
Here, the pairwise potential function takes advantage of a set of stochastically drawn clique
structures C as discussed in Section 3.2.

A general form of potential function for the unary term can be formulated as,
\I]u(yzaM) = Fu(miaD(yiaquadRec))- (39)

where, F, is a function that penalizes deviation between data measurements M and com-
pensated image Y. The designed unary potential function basically works in a way that

34



it enforces the final estimate of compensated medical image to be fitted to the data mea-
surements M (satisfies the data fidelity term). To this aim, the designed unary potential
function basically encodes the direct relationships between the data measurements, m;,
and compensated medical image y;, at each location ¢ in the graph and by accounting for
degradations in both acquisition, da,, and reconstruction, dge., domains in modeling of
the degradation function D(.).

The pairwise potential function ¥,(.) in the joint energy function of Eq. 3.8 can be
formulated as,

IN: = Nill,

Op

Uy, (Ypec, M) = exp ( > (Wi —w;); € ={i,7}, (3.10)

which aims to account for the interaction relationships between each pair nodes y; and y;
regarding to the whole data measurements M inside the predefined stochastic cliques C,
when the goal is to find the best estimate of compensated medical image Y. Here, N; and
N; correspondingly denote to specified neighborhood coordinates centered around the 7"
and j* locations in the defined graphs for the data measurements M and compensated
image Y. In this formulation, o, basically controls the amount of exponential weighting
function in the designed pairwise potential term.

In other words, the pairwise potential function is mainly responsible for the incorpo-
ration of all available prior information about the imaged structure/tissue to the frame-
work of proposed computational compensated imaging model. Here, the art of a properly
designed pairwise potential function is in enforcing of the final solution of compensated
medical imaging to correctly represent all features, details and structures of the imaged
tissue/structure.

To obtain the best estimate of compensated medical image, the posterior probability
P(Y|M) should be maximized by minimizing the joint energy function E(.) in Eq. 3.8.
In the proposed cross-domain compensated medical imaging framework, a gradient based
optimization can be used to perform the inference step,

VE(M,Y)

Yt+1 — Yt o
P VY )

(3.11)

and to find the best estimate of compensated image Y. Here, p is a parameter that controls
the learning rate of the gradient based optimization.
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3.4 Super Resolution Probabilistic Cross-Domain Com-
pensated Medical Imaging Framework

The main idea behind any super resolution (SR) technique for performing of compensated
medical imaging is in using of multiple data acquisitions as opposed to a single data
acquisition for generating a compensated medical image with better quality. As previously
explained in Section 2.4, the main condition for performing of compensated imaging using
any SR techniques is that each of the acquired data measurements (here, medical images)
should contain a subtle different information about the imaged tissue/structure, means that
there should be at least a small information difference between the utilized multiple data
measurements. With such an assumption, SR compensated imaging methods basically
benefit from all the partial existent information in multiple data measurements (here,
multiple medical images) to calculate a compensated image of higher quality that better
shows the different details and features of the imaged tissue/structure.

Here, we design and formulate a novel probabilistic based SR imaging technique that
takes advantage of the proposed unified probabilistic computational framework of Sec-
tion 3.3 for performing of compensated medical imaging. Performing of SR compensated
imaging can be formulated as a general inverse problem,

Youp = Do (M), k=1,..,W, (3.12)

sup

where, M, represents a set of W multiple medical image acquisitions and Dy, (.) refers to
the overall degradation function that potentially can model different possible degradations
in both acquisition and reconstruction domains.

Here, with assuming multiple data acquisitions, My, k = 1,...,W as well as super reso-
lution (SR) image Y, as random fields, the proposed probabilistic based SR compensated
imaging framework aims to find the best estimate of Yj,, thorough solving the general
inverse problem of Eq. 3.12 using a MAP strategy,

A

1/;“17 = CLT‘ngLI'Y P(}/;UP’MD M27 LS MW>7 (3]-3>

where, P(Ygy,| My, Ms, ..., My ) is the posterior conditional probability of SR image Yy,
given a set of degraded acquisitions, My, k = 1,...,WW. Based on CRF modeling, the the
posterior conditional probability of Eq. 3.13 can be modeled as,

1
Z(My, My, ..., My)

P(}/sup|M1; MQ, ey Mw) = GCEp(—Esup(}/;mp, M17 MQ, ceey Mw)), (314)
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where, Z(.) is a constant normalization term and E*"P(.) is a joint energy function defined
over the random fields for the SR image, Y,,,, and all measurements Mj, k =1, ..., W. Here,

the joint energy function E(.) is composed of the unary and pairwise potential functions
WorP(.) and WaP(.),

B (Y, My, Mo, ..o, Myy) = > WS (y;, My, Mo, ..., My) + Y US"P(y,, My, Mo, ..., Myy),
€S pelC
(3.15)
where, 7 denotes to each location in the defined random space S and C refers to a set of
stochastic clique structures defined over the random field space S.

In the formulation of Eq. 3.15, The unary potential function is formulated as,

w
WS (yi, My, oo, M) =Y Fu(mig, D(yi, dag, drec)). (3.16)
k=1

which aims to enforce data fidelity over the final estimation of the SR image using func-
tion F, and by encoding the relationships that exist between each single medical image
measurement, m,;, and SR image, y;, at each location ¢ and with accounting for the
degradation function D(.).

To perform SR compensated imaging, the pairwise potential function, W>*7(.) in Eq.
3.15 is also formulated as,

W [Nk — Nyl
\I/;UP(y¢€C7M1, 7Mw) = Zemp#

k=1

(v —y;); € ={i,j}, (3.17)
Op

which models the pairwise interactions between each pair nodes y; and y; regarding to the
multiple data acquisitions My, k = 1,..., W, when the goal is to find the best estimate of SR
image Yj,,. Here, N, and N;; respectively denote to specified neighborhood coordinates
centered around the " and j** locations in the assumed graphs for the k' medical data
acquisition. In this formulation, o, is a control factor which sets the power of pairwise
potential function W>'7(.) in the defined clique structures C'. Taking advantage of the
stochastic clique structures C' in the design of pairwise potential function in Eq. 3.17 leads
to a SFC-CRF-SR compensated imaging framework which can incorporate the different
contextual information about the imaged tissue/structure to the SR imaging framework
and therefore reconstruct a compensated image with better overall quality.

The solution of the desired SR image can be found by performing an inference step
which aims to maximize the posterior conditional probability of, P(Ysy,|Mi, Ma, ..., My ),
in Eq. 3.13. To this aim, the joint energy function £*P(.) in Eq. 3.15 should be minimized
thorough a suitable optimization strategy.

37



3.5 Summary

This chapter has presented the core contribution of this dissertation by proposing a novel
probabilistic compensated imaging framework for performing cross-domain compensated
medical imaging. The main compartments and the overall design of the proposed compen-
sated medical imaging framework are explained. The general formulation of the proposed
compensated imaging framework is presented which takes advantage of a newly designed
SFC-CRF model in its framework. The main idea behind the utilized SFC-CRF model
is reviewed. The main features and ability of the proposed probabilistic based cross-
domain compensated medical imaging are explained. Furthermore, the designed compen-
sated imaging framework is extended to a SR compensated imaging platform that opens
up the opportunity of using the proposed compensated imaging approach for performing
SR imaging using multiple medical acquisitions.
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Chapter 4

Compensated Optical Coherence
Tomography Imaging

4.1 Introduction

This chapter describes the development of a compensated optical coherence tomography
(C-OCT) imaging that aims to improve the quality of OCT images through a unified
computational method. The C-OCT imaging is developed based on the probabilistic cross-
domain compensated medical imaging framework that was described in Chapter 3. The
proposed C-OCT imaging was designed to compensate for the loss of OCT image resolution
and contrast caused by presence of speckle and optical aberrations in OCT images and with
the use of a purely computational image compensation approach. This chapter begins with
a general description about the principle operation of OCT in Section 4.2. The main factors
that cause degradation in the OCT image quality such as dispersion, speckle noise and
optical aberrations are explained in Section 4.3. The most current and successful methods
for compensation of speckle noise and optical aberrations are reviewed in Section 4.4.
The proposed C-OCT is formulated and described in detail in Section 4.5. Results from
testing the performance of the proposed C-OCT imaging on OCT images acquired from a
standard resolution target, microspheres of known size embedded in weekly scattering gel
and a sample of biological tissue that was imaged ex-vivo are presented in Section 4.6. A
summary of the chapter is provided in Section 4.7.
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4.2 Optical Coherence Tomography: Principle of Op-
eration and Image Formation

Optical coherence tomography (OCT) is a well-known non-invasive optical imaging tech-
nique which allows for acquisition of high resolution, depth-resolved cross-sectional images
of the structure of the imaged object. A typical OCT system offers non-contact, volu-
metric imaging of opaque and highly scattering objects such as biological tissue and can
provide axial and lateral resolutions in the order of a few micrometers which allows for the
visualization of the cellular structure of biological tissue. For these reasons, over the past
25 years OCT has found many different applications in both industry and medicine [30].

The basic principle of OCT imaging is somewhat similar to ultrasound imaging, except
that it uses light instead of sound. OCT measures the intensity and echo time delay of
backscattered light from different depths within the imaged object (a single axial or depth
scan is referred to as an axial scans (A-scan)) [30]. A series of consecutive A-scans located
along a line can generate a 2D cross-sectional reflectivity map of the imaged object (so
called B-scan).

Due to the high speed of light, the time delays between the back-scattered light from
different depths of the imaged object is in the order of femto-seconds. Because the response
time of photodetectors is orders of magnitudes slower, it is not possible to measure these
time delays directly. To overcome this issue, OCT systems work based on the interferomet-
ric principle, which allows for measuring such short time delays by actually measuring the,
much lower beat frequency of interfering the optical beam reflecting from the imaged object
with a second beam reflecting from a mirror in the reference arm of the interferometer.

A typical configuration of a Time Domain OCT (TD-OCT) system based on a conven-
tional fiber-optic Michelson interferometer is depicted in Fig. 4.1.

The light source of the OCT system generates the required light and send it through
an optical coupler to the reference and sample arms. The back-scattered light from the
different depths of the imaged object is combined at the fiberoptic beam splitter with the
reference beam reflected from the moving mirror and then detected using an optical detector
(here, a photodetector). Generally, the intensity of the OCT signal at the detection end of
the interferometer is a summation of sample (Es(t)) and reference (E,.(t)) electrical fields

I = |E,|* + |E,|* + 2E,E,cos(2kAL), (4.1)

where, AL denotes the path length difference between the sample and reference arms of
the interferometer.
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Figure 4.1: Typical configuration of a TD-OCT system.

In a typical OCT imaging procedure, several post-processing steps are required to
enhance the detected OCT signal and consequently improve the quality OCT imaging.
These post-processing steps mainly include the signal amplification, filtering as well as
demodulation [31].

Spectral Domain Optical Coherence Tomography (SD-OCT) is an other type of OCT
modality in which the the reference arm doesn’t need to move and kept stationary. In SD-
OCT imaging the depth information (A-scan) is obtained by applying the Fourier transform
to the spectrally resolved interference fringes at the detection arm of the Michelson interfer-
ometer. SD-OCT imaging basically provides higher speed and signal to noise ratio (SNR)
compare to the TD-OCT imaging.

4.2.1 Resolution in OCT Imaging Technique

Image resolution is an important characteristic of any imaging technique including OCT.
Preserving the theoretical resolution for the captured OCT images is highly desired since
it helps with better visualization of different features and details of the structure of the
imaged object. However, in practice the overall resolution of an OCT image is always less
than the theoretical axial and lateral resolutions due to a number of factors that cause
degradation of the OCT resolutions, such as dispersion, optical aberrations and speckle
noise. Compensating for the OCT resolution degradation is important for improving the
overall quality of the OCT images.
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In all OCT system configurations, the axial and lateral image resolutions are decoupled
from each other. In theory in free space, the axial OCT resolution is only dependent on
the central wavelength and spectral bandwidth of the utilized light source, while within
the imaged object, the axial resolution at different axial locations is dependent on the
absorption, scattering and dispersive properties of the material the imaged object is made
of. On the other hand, the lateral resolution in OCT systems in free space theoretically is
defined by the OCT imaging optics, while inside the imaged object it can be limited due
to the different optical properties of the imaged object [30].

4.3 Factors that Cause Image Degradation in Optical
Coherence Tomography

Similar to the all types of medical imaging systems, the overall quality of OCT imaging can
be affected by different factors. Each factor negatively impacts the proper visualization of
different features and details of the imaged tissue structure and also pose challenges for
the correct analyzing and interpretation of the captured OCT images.

Generally, some of the image degradation in OCT images can be attributed to loss of
OCT signal power due to light scattering and/or absorption within the imaged object, or
improperly compensated dispersion associated with the OCT system design and/or the
optical properties of the imaged object [90].

In general, the spatial resolution and contrast of OCT imaging can be affected by both
the optical design of the OCT system and the optical properties of the sample. For example,
the overall sensitivity (Signal-to-Noise Ratio (SNR)) of a SD-OCT system is theoretically
dependent on the camera spectral response, data acquisition rate, as well as the amount of
power in the reference and sample arm. However, a SNR roll-off at higher imaging depths
occurs due to the limited size and number of camera pixels combined with any chromatic
and spherical aberrations in the spectrometer [29].

The effective OCT axial resolution of a SD-OCT system is often lower than the theo-
retical axial resolution due to several factors. First, even in the case of optimally designed
spectrometer, spherical and chromatic aberrations in the spectrometer optics may generate
cross-talk between neighboring pixels in the camera array, especially at the second ends
of the array. Such cross-talk will affect the OCT axial resolution and the effect is more
pronounced for OCT signals measured far away from the zero delay point of the scanning
range. Other factors that degrade the OCT axial resolution are the effect of light absorp-
tion and scattering that happens inside the imaged specimen (tissue). Both scattering
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and absorption can alter the spectrum in the OCT sample arm and therefore degrade the
effective axial resolution of the acquired OCT image. These spectral changes are generally
depth-dependent and impossible to quantify, as they are related to the morphology and
optical properties of the imaged object [34, 29].

As mentioned earlier, the theoretical lateral resolution of a SD-OCT system is primarily
determined by the imaging optics and overall optical design of the OCT system. However,
in practice, the lateral resolution degrades away from the focal plane due to defocus and
optical aberrations issues. In addition, the depth-dependent absorption and scattering
properties of the imaged object can change the spectrum and therefore the theoretical
OCT lateral resolution [31, 29].

A more detailed analysis of some of the major factors that cause degradation of the
OCT image resolution and SNR is presented in the following paragraphs.

4.3.1 Dispersion in OCT imaging

Dispersion is a recognized issue in all interferometry based imaging techniques such as OCT
imaging. Dispersion occurs due to the non-constant group velocity of the optical pulse in
an imaged specimen (tissue) such that the low frequency pulses travel faster compared to
the high frequency pulses. In OCT imaging, the source of dispersion may be due to the
OCT hardware components (the effect of fiber optics as well as other utilized dispersive
components) or due to the specimen properties.

A dispersion mismatch between the reference and sample arms of the OCT system adds
a phase term to the Fourier components of an OCT interferogram and therefore leads to the
change of the OCT signal shape and consequently degrades the OCT axial resolution [3, 36].
A conventional hardware based method for the OCT dispersion compensation is to use a
dispersive material such as different types of glass plates to compensate in part the lower
order dispersion mismatch between the optical components of the sample and reference
arms of the OCT interferometer [31]. Dynamic dispersion compensation using of this
hardware approach is not possible due to the high speed of OCT image acquisition and the
depth-dependent dispersive properties of the imaged object. To overcome this difficulty,
various types of computational dispersion compensation methods have been proposed [90),

Y Y ) Y ]'
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4.3.2 Optical Aberrations

In OCT imaging, optical aberrations are a well-known issue to cause degradation of the
overall quality of the OCT images, especially for out-of-focus regions. In general, optical
aberrations can be defined as any deviation from the ideal optical wavefronts which typ-
ically occurs when the light is defocused. The deviation of the wavefront from the ideal
shape can results in image blur that can obstruct the visualization of small details and
features of the images tissue. To compensate for the OCT degradations due to the opti-
cal aberrations, the OCT optical wavefronts should be modified to approximate an ideal
wavefront shape and thus minimize beam spot size at the foal plane.

Various types of optical aberrations can occur in OCT imaging including the one that
caused by the optical design of the OCT imaging system and also tho one that are sourcing
from the optical properties of the imaged sample [1]. The most known types of aberrations
in OCT imaging are chromatic aberration, spherical aberration, coma and defocus.

Spherical aberration causes due to non-paraxial rays of light hitting the corneal sur-
face at an non-orthogonal axis and therefore is refracted closer than paraxial rays [35].
Chromatic aberration causes by the samples which their refractive index changes with the
wavelength. For example, chromatic aberration can be severe in ophthalmic OCT imaging,
due to wavelength dependence of refractive index in ocular media [158]. Coma aberration
arises due to the difference in distance of the incident light from the optical axis (off-axis
light rays) which leads to the change of light magnification with Respect to the location [37].
Defocus aberrations can be seen for the imaging depths farther from the focal plane and
due to the limitation of delivery optics in proper focusing of the light at out-of-focal plane.

Overall, all types of optical aberrations can degrade the OCT image contrast and
resolution and with more pronounced effects at distances farther from the focal plane. In
OCT systems which applies higher Numerical Aperture (NA) to provide better OCT lateral
resolution, the effect of optical aberrations are more powerful since the depth of focus is
shorter. Using of such a ultrahigh resolution OCT system for imaging of tick specimens
has some limitation for the correct visualization of the details and features of the imaged
specimen(tissue structures) which are at out of focus length.

Having a compensation strategy to correct for the OCT degradations due to the effect
of optical aberrations is important for the quality enhancement of OCT imaging.
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4.3.3 Speckle Noise

Speckle noise is a recognized factor that causes image contrast and resolution degradation
in all types of coherent imaging systems including the OCT. Speckle noise is the result
of multi beam inferences with random phases. The appearance of speckle noise can be
observed as a grainy pattern with dark and bright spots on the acquired OCT image. The
effect of speckle noise is higher for imaging of highly scattering specimens, for example in
imaging of biological tissues. The presence of speckle noise can cause difficulties for the
correct visualization, analysis and also interpretation of OCT images.

In OCT imaging, the OCT measurement in spatial domain are resulted from a Fourier
space transformation, M = F~(M(w)), where, F~! denotes the inverse Fourier operation
applied on the OCT measurement, M(w), in k-space domain. The speckle noise in OCT
imaging can be modeled as a multiplicative term N, [31],

M = YRy, (4.2)

which affects on the clean OCT image Y and results in noisy OCT measurement, M.

Compensating for the speckle noise in OCT imaging is an importation step of OCT
quality enhancement which needs to be considered for improving the overall quality of
OCT imaging.

4.4 Compensation Methods for Compensated OCT
Imaging

A variety of hardware methods and software approaches have been proposed by other re-
search groups for compensation of the different types of degradation effects in OCT images.
While hardware based compensation techniques for OCT image quality enhancement do
exists, they tend to be complicated, bulky, expensive and some of them time consuming.
Software based compensation methods are preferred as they provide easier and inexpen-
sive alternative for the quality enhancement of OCT images. Furthermore, correcting for
multiple types factors that cause of OCT image degradation using the hardware technique
is not possible since compensation of each OCT degradations needs a modification of dif-
ferent components in the OCT system. However, there is an opportunity for simultaneous
compensation of multiple factors that cause image degradation in OCT by using a unified
computational approach.
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The main contribution of this Chapter is to propose a compensated OCT (C-OCT)
imaging which is able to simultaneously correct for the multiple factors that cause OCT
image degradation in a unified optimization framework. To this aim, our proposed C-OCT
imaging is designed to jointly compensate for the effects of optical aberrations and speckle
noise. However, the proposed C-OCT imaging has the potential to be expanded to account
for other factors that cause OCT image degradations such as the dispersion and motion
artifacts.

A short review of the existing hardware and software approaches for compensation of
OCT image degradation is presented below.

4.4.1 Aberration Correction Methods

Adaptive optics (AO) has emerged as a successful hardware based approach for the aim of
aberrations compensation in images acquired with a variety of optical imaging modalities
including the OCT [112, , 91]. In general, AO technique measures the amount of optical
aberrations using a wavefront sensor and takes advantage of this information to correct for
the optical aberrations by using a wavefront corrector (for example, a deformable mirror).
In the past, adaptive optics has been combined with OCT in a single imaging system,
which led to improved in the lateral resolution, reduced the speckle size and increased the

SNR in OCT images[!, 96].

I spite of the advantages offered by AO technology for OCT imaging, AO also has
several major disadvantages such as complicated, bulky and expensive design. The AO
technology also limits the spectral bandwidth transmitted through the AO+OCT system,
which degrades the OCT systems axial resolution. In addition, using of AO based aber-
ration compensation can limit the speed of OCT imaging which is important for the real
time OCT imaging applications. These issues motivated the development of computational
methods adaptive optics (CAO).

Using of CAO approach is beneficial compared to the conventional hardware based AO
technology since it is inexpensive and also leads to much more compact OCT system design.
Furthermore, due to the interdependence of the CAO approach from the OCT hardware,
it can be used in integration with any type of OCT configuration. One main usefulness of
integrating an OCT system with CAO is in providing a computational solution to overcome
the depth-of-field limitation issue in OCT imaging.

Several of previously proposed CAO methods are designed as an optimization problem
which takes advantage of a phase estimation to compensate for the effect of OCT optical
aberrations [171, 1, 81]. A previously proposed work takes advantage of sub-aperture
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based correlation along with the phase estimation to compensate for the OCT optical
aberrations|[05]. However, the dependency of these approaches on the phase estimation
leads to the greater sensitivity of these methods to motion artifacts in the OCT image that
arise from sample motion or OCT system related factors such as optical noise from the
OCT light source or jitter in the OCT scanning elements (galvanometric scanners, resonant
scanners, etc.) [140].

In addition, most of the existent CAO methods work based on an isotropic optical
aberrations which is a correct assumption for the OCT systems with low numerical aper-
ture. Based on this assumption, the overall OCT optical aberrations can be corrected
using a spatially invariant phase correction term [65]. However, for the OCT systems with
higher numerical aperture, this assumption fails and the performance of these methods is
suboptimal. To solve this issue, an expanded version of sub-aperture based CAQO is pro-
posed in [66] to account for anisotropic optical aberrations in an OCT imaging with high
numerical aperture [60].

As mentioned before, one source of OCT optical aberrations is due to the design of OCT
system. Deconvolution based CAO approaches are proposed to correct for these system-
related OCT aberrations and through integrating of the OCT system aberration function
to the CAO algorithms [123, 80, , 19]. Utilizing these optical aberrations compensation
methods need a prior knowledge about the OCT point spread function (PSF), which is the
characteristic function for each OCT system.

OCT optical aberration correction using interferometric synthetic aperture microscopy
(ISAM) [122, 121] was also proposed to generate OCT images with less optical aber-
rations and therefore preserving the same lateral resolution along whole imaging depth.
ISAM takes advantage of the inverse scattering model to perform aberration correction.
A combination of ISAM and CAO was also proposed for high-speed OCT imaging with
sub-cellular resolution [31].

4.4.2 Speckle Noise Reduction Methods

As mentioned before, speckle is another major issue that negatively impacts on the overall
quality of OCT imaging. OCT speckle removal is required for all types of OCT images
when it can greatly improve the quality of OCT imaging for providing better visualization
of small features and details of the images sample .

In terms of OCT speckle compensation, a variety of hardware and software based
techniques were proposed. Frequency compounding and polarization diversity are the most
pronounced hardware approaches that are used for the aim of OCT speckle reduction [113,
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|. Different computational techniques are also proposed for the aim of OCT speckle
reduction as they mainly categorized as: speckle reduction using filtering methods [37,
, 39], wavelet and curvelet based methods for the OCT speckle reduction [22, 54, 93],
diffusion based speckle reduction techniques [134, |, frequency domain multiplexing
speckle reduction [157] as well as variational methods [10, 31].

4.5 Compensated Optical Coherence Tomography For-
mulation

In this section, the general formulation for a novel designed C-OCT imaging that takes
advantage of the proposed probabilistic cross-domain compensated medical imaging frame-
work of Chapter 3 is described. The proposed C-OCT imaging is specifically designed to
jointly compensate for the OCT optical aberrations and speckle noise issues within a uni-
fied computational framework. A general diagram of proposed C-OCT imaging is shown
in Fig 4.2.

Assuming M = F}(M(w)) is a degraded OCT measurement in spatial domain, where
F denotes the Fourier transform, and M(w) represents the degraded OCT data acquisition
in k-space domain, the formation of an OCT image can be formulated as a forward problem,

M = D(Y,H) x Ry, (4.3)

where, D(.) models the overall OCT degradations which is a function of compensated OCT
image Y (here, noise compensated, aberration corrected OCT image) and the OCT optical
aberrations, H. In this formulation, RNy, refers to the multiplicative speckle noise that
inherently exist in all types of OCT imaging. Since, the OCT degradation function, D(.),
in Eq. 4.3 is dependent on the optical aberrations H, it needs to be initially characterized
for performing of C-OCT imaging. Here, as the general diagram of Fig. 4.2 display, the
proposed C-OCT imaging takes advantage of a calibration procedure to obtain the optical
aberrations H, and then leverages this information into the designed C-OCT imaging
framework which aims to generate a compensated OCT (C-OCT) image from a degraded
OCT image. To this aim and based on the related literature, the OCT optical aberrations
H is initially modeled using a general Gaussian function which needs to be experimentally
characterized using a proper calibration procedure and for each utilized OCT configuration.

The forward modeling of Eq. 4.3 provides a cross-domain platform for performing of
C-OCT imaging which is one novel contribution of the proposed compensated imaging
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Figure 4.2: A general framework for proposed C-OCT imaging.
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framework. Such a cross-domain compensated imaging framework can be used for com-
pensation of different factors that cause OCT image degradation that occurs in different
domains (for example, compensation of optical aberrations in K-space and speckle noise in
spatial domain) and without the need to perform additional and time consuming domain
transformation.

Based on the forward modeling of Eq. 4.3, the proposed cross-domain C-OCT imaging
is modeled as an inverse problem,

Y =D Y(M, H). (4.4)

which aims to find the best estimate of noise compensated, aberration corrected OCT
image Y through performing of C-OCT imaging.

Similar to the proposed probabilistic cross-domain compensated medical imaging frame-
work of Chapter 3, the designed C-OCT imaging employs a maximum a posteriori (MAP)
strategy to solve the inverse problem of Eq. (4.4) and to find a true estimation of noise
compensated, aberration corrected OCT image Y,

~

Y = argmaxP(Y|M), (4.5)
Y/

where, P(Y|M) denotes to the posterior probability for the noise compensated, aberration
corrected OCT image, Y, given a degraded OCT measurement M.

The designed C-OCT imaging platform takes advantage of a new form of CRF modeling
as explained in Section 3.2 of Chapter 3, named as SFC-CRF model, to perform C-OCT
imaging in a random space domain. To this aim, both noise compensated, aberration
corrected OCT image, Y, and OCT measurements, M, are assumed as graphical models
defined in a random field space, S, and with the graph nodes referring to the different
locations in both compensated OCT image Y and OCT measurements M.

Within the CRF modeling framework, the posterior probability, P(Y'|M), for the noise
compensated, aberration corrected OCT image, Y, given a degraded OCT measurement
M, can be formulated as,

1
P(Y|M) = —E(M,Y 4.6
where, Z is a normalization term, known as the partition function in the CRF litera-
ture [73]. In this formulation, E(.), represents a joint energy function of the following
form,
i€S pel
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which is defined over the assumed random fields for the noise compensated, aberration
corrected OCT image, Y, and OCT measurements M. According to the formulation of
Eq. 4.7, the joint energy function, E(.), is a combination of the unary potential function
VU, (.) and the pairwise potential function W,(.) which are standard terms in formulation
of any types of CRF modeling. Here, i, refers to the each single location of the defined
graphs (random fields) for both compensated OCT image Y and OCT measurements M.

To perform C-OCT imaging, a distance based unary potential function is incorporated
to the formulation of Eq. 4.7,

Wy (yi, M) = U\}%exp ((log(mi) - é(jg(D(yi, H)) ) . (4.8)

which aims to encode the direct relationships that exist between the OCT measurements,
m;, and noise compensated, aberration corrected OCT image, y;, at each location ¢ in the
graph. In this formulation, 7, is a control term which controls the impact of the designed
distance based weighting function in the unary term. In the formulation of Eq. 4.8, a
logarithmic transform is applied to change the multiplicative form of speckle noise to an
additive noise term that is common in forward modeling formulation.

Based on the formulation of Eq. 4.8, the designed unary potential function efforts
to enforce the data fidelity to the final solution of C-OCT imaging. It means that, the
designed optimization problem aims to find the best estimate of the aberration corrected
OCT image y; at each single node ¢ and with respect to the whole OCT data measurement
M as it compensates for the degradations due to the effect of OCT system on captured
OCT image.

The joint energy function in Eq. 4.7 is also dependent on the pairwise potential function
VU, (.) which is defined over the set of clique structures C,

IN: = Njlly

Op

(e, 1) = oxp ) =) €= (i) (1.9)
and efforts to account for the interaction relationships between each pair of nodes y; and
y; regarding to the whole OCT measurements M, when the goal is to suppress the ef-
fect of speckle noise in final estimate of C-OCT image. In the formulation of pairwise
potential function, IV; and N; respectively denote to specified neighborhood coordinates
centered around the i* and j** locations in the compensated OCT image/OCT measure-
ments graphs. A weighting exponential function is used to assess the similarity of two
nodes y; and y; in those defined neighborhoods. Here, o, is the standard deviation that
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controls the effect of pairwise potential function ¥, (.) within a predefined clique structure

C.

The designed pairwise potential function of Eq. 4.9 has the following features as such
improves the performance of proposed C-OCT imaging in calculation of a noise compen-
sated, aberration corrected OCT image.

1. The incorporated pairwise potential function, ¥,(.) employs a set of nodes to eval-
uate the nodes similarity which results in better robustness of the proposed C-OCT
imaging framework in the presence of speckle noise and artifacts

2. The designed pairwise potential of Eq. (4.9) takes advantage of a stochastic clique
structure within a fully-connected random field modeling (SFC-CRF as explained
in Section 3.2 of Chapter 3) [137]. Employing of SFC-CRF modeling basically en-
forces higher probability on the graph pair nodes which are closer compared to the
pair nodes which are farther such that it leads to the better preservation of image
boundaries and edges in the final solution of compensated OCT image.

To perform the inference step and calculate the best estimate of noise compensated,
aberration corrected OCT image Y the proposed C-OCT imaging framework employs an
approximation of graph cuts optimization method [173],

VE(M,Y)
p VY )
which iteratively solves the MAP problem of Eq. 4.5 by minimizing the energy function

E(.) in Eq. 4.7. In this formulation, Y* and Y**! are the calculated solutions at iterations
t and £t + 1 and % represents the energy gradient, with p denoting the learning rate.

Yyl =yt — (4.10)

4.6 Experimental Results

The ability of the proposed C-OCT imaging to generate noise compensated, aberration cor-
rected OCT images was evaluated using three different experiments that focused on imaging
a standard USAF resolution target, a phantom composed of 1um diameter polystyrene mi-
crospheres embedded in weakly scattering agar gel, as well as a sample of biological tissue.
All OCT images used for testing the C-OCT algorithm were acquired with a research grade
SD-OCT system that was designed and built by our research groups at the University of
Waterloo (see Subsection 4.6.1 for system description).
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4.6.1 OCT Experimental Setup

The SD-OCT has a compact fiberoptic design and is powered by a super-continuum light
source (SUPER K, NKT Photonics) that generates a spectrum centered at A\, = 780nm,
and with the spectral bandwidth of A\ = 250nm. A high resolution commercial spectrom-
eter (Wasatch Photonics) interface with a NIR enhanced CCD camera (Piranha HSSK,
Teledyne DALSA) was used at the detection end of the SD-OCT system. The linear array
camera with 8192 pixels was used to minimize optical aberrations in the spectrometer.
The light source spectrum was imaged only over ~ 4500 pixels of the camera array, thus
resulting in an OCT scanning range of ~ 2mm in free space. The camera captures the
OCT interference fringes at 34kHz OCT acquisition rate. The OCT imaging probe is
comprised of an achromat collimator lens (f = 10mm), a pair of galvanometric scanners
(Cambridge Technologies), a beam expander (2 ahromat doublets with f = 40mm and
f = 80mm) and a microscope objective (Nikon NIR APO 40X/0.8).

This optical design of the OCT system provides 1.3um axial resolution in free space
which is equivalent to 0.95um in biological tissues, assuming an average refractive index
of 1.38 for the imaged tissue. Because the entrance aperture of the Nikon was under filled
by ~ 50%, the theoretical lateral resolution in free space was estimated to be 1um, which
is larger than the theoretical resolution for the employed objective.

For all experiments, the optical power incident on the imaged object was limited to
750uW. The OCT system’s SNR measured near the zero delay 98d5B, while the SNR
roll-off was 12dB over a scanning range of 1.2mm.

4.6.2 Experimental Results

The results of all three C-OCT imaging experiments using (1) a standard USAF resolution
target, (2) a microspheres phantom image and (3) a sample of porcine corneal stroma tissue
are presented. The performance of proposed C-OCT imaging was compared to a regularized
version of maximum likelihood based compensated imaging (RML-COCT) method which is
the state of the art. The tested RML-COCT is a modified version of the proposed method
in [19] which takes advantage of the standard Tikhonov regularization [154] to control the
effect of speckle in calculation of compensated OCT images. The implementation of both
the C-OCT and the RML-COCT algorithms was done using an embedded C++ code in
MATLAB (The MathWorks, Inc.) and tested on an AMD Athlon II X3 3.10 GHz machine
with 12 GB of RAM.
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4.6.3 Experiment 1: Standard USAF Resolution Target

One pre-requirement for performing of C-OCT imaging using the proposed framework of
Section 4.5 is to characterize the aberration function, H, for the utilized OCT configura-
tion. To this aim, the aberration function of the utilized OCT system was experimentally
characterized using imaging of a standard resolution target with the same OCT system.
A chosen zoomed-in region of enface USAF resolution target OCT image which includes
three horizontal bars of group 6 from element 2 is shown in Fig. 4.3(A).

The proposed C-COT imaging was used to reconstruct a compensated resolution target
OCT image with incorporating the characterized aberration function, H, to the proposed
C-OCT framework. The resulted noise compensated, aberration corrected resolution target
OCT image is shown in Fig. 4.3(C). For the aim of comparison, the RML-COCT method
was also applied to the same resolution target OCT image of Fig. 4.3(A) where the resulted
compensated image is displayed in Fig. 4.3(C).

To find the best estimate of noise compensated, aberration corrected resolution target
OCT image, the proposed C-COT imaging algorithm was run using different number of
iterations where the optimal result was achieved using 30 iterations. To have a fair com-
parison between the result of the proposed C-OCT imaging and tested RML-COCT, the
same number of iterations was also performed to calculate the compensated OCT image
using RML-COCT imaging.

Normalized Intensity (a.u.)

Distance (um)

Figure 4.3: (A) Enface OCT image of USAF resolution target, group 6, element 2. (B)
Same image reconstructed with RML-COCT imaging and (c¢) with C-OCT imaging. (D)
Intensity plots obtained from the images at the locations marked with the white lines.

Considering the results of Fig. 4.3, it is obvious that the proposed C-OCT imaging is
more successful in reconstruction of a noise compensated, aberration corrected OCT image
and compared to the tested RML-COCT imaging. As shown in result of Fig. 4.3(C), due
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to the better optical aberrations correction, the width of all horizontal bars are the same
and they are within the same distance from each other compared to the original OCT
image in Fig. 4.3(A) as well as compensated resolution target OCT in Fig. 4.3(B) which
is generated using RML-COCT imaging.

In addition, the resulted compensated resolution target OCT images using both RML-
COCT imaging in Fig. 4.3(B) and proposed C-OCT imaging in Fig. 4.3(C) show the
effectiveness of both methods in terms of speckle reduction such that the amount of speckle
noise greatly reduced compared to the original OCT image in Fig. 4.3(A).

To better assess the results of this experiment, the image intensity profiles for one line
of resolution target OCT image, chosen across the bars at a location marked with the
white lines in Figs. 4.3(A-C), is also displayed in Fig. 4.3(D). According to these intensity
profiles, using of both tested RML-COCT as well as proposed C-OCT was resulted in
a smoother and also narrower profiles (blue and black plots) compared to the intensity
profile obtained for the original resolution target OCT image (red plot). However, from
these intensity profiles, it is clear that the proposed C-OCT imaging was more successful
in terms of optical aberrations correction since it was resulted in a much more narrower
intensity profile (black plot) compared to the tested RML-COCT imaging (blue plot) as it
is expected for an OCT imaging with less amount of aberrations.

The quantitative assessment of the results for this C-OCT imaging experiment was
performed using the calculation of image SNR values for all images in Fig. 4.3(A-C) and
using the following formulation,

SNR = 20log(“2) (4.11)
OR
where, ur and og respectively denote to the mean and standard deviation of a selected
homogeneous region on the OCT image.

SNR values for all images were calculated using Eq. 4.11 where the SNR value for the
original resolution target OCT image measured to be 14.7dB and the SNR values for the
compensated images using the RML-COCT imaging and C-OCT imaging measured to be
respectively 15.3dB and 18.6dB. This result show a significant SNR improvement using
the proposed C-OCT imaging and compared to the tested RML-COCT imaging.

4.6.4 Experiment 2: Phantom Imaging

The second C-OCT imaging experiment was performed with taking advantage of a phys-
ical phantom. To this aim, a physical phantom was prepared by mixing of polystyrene
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microspheres of size 1um with the agar gel. The prepared microspheres phantom was
then imaged using the same ultrahigh resolution spectral domain OCT configuration as
explained in Section 4.6.1. A volumetric (512 x 512) OCT image was acquired from the mi-
crospheres phantom and the degradation due to the dispersion was corrected numerically
up to the 9" order.

The proposed C-OCT approach was used to reconstruct noise compensated, aberra-
tion corrected microspheres phantom images and with incorporation of the characterized
aberration function, H, in to the framework of proposed C-OCT imaging. The proposed C-
OCT imaging was tested using different number of iterations while the best optimal result
was obtained using 25 number of iterations. For comparison, the tested RML-COCT was
also applied to generate noise compensated, aberration corrected microspheres phantom
image and with the same number of 25 iterations to have a fair comparison between the
results.

A cross-sectional OCT image of the microspheres phantom is shown in Fig. 4.4 (A).
The resulted compensated OCT images using tested RML-COCT and proposed C-OCT
are correspondingly shown in Figs. 4.4 (B,C). To have a better representation of these
results, three selected regions of interest (ROI) containing a few number of microspheres
were selected for locations 110um above, approximately at and 120pum below the focal
plane in each image as such marked with the white line rectangles in Figs. 4.4(A-C). A
magnified version of these ROI regions are displayed in Figs. 4.4(D-F) for locations above
the focal plane, in Figs. 4.4(G-I) at the focal plane and in 4.4(J-L) for locations bellow the
focal plane.

Visual assessment of the results in Fig. 4.4 clearly demonstrate the usefulness of both
tested RML-COCT imaging as well as proposed C-OCT imaging in terms of speckle noise
reduction which is required in all types of OCT imaging. As can be seen from these
results, the produced compensated images using both RML-COCT imaging as well as C-
OCT imaging show very less amount of speckle noise compared to the original microspheres
phantom images in Figs. 4.4(D,G,J). However, considering the displayed ROI images in
Fig. 4.4 (D-L) show that the individual microspheres from ROIs above and below the focal
plane appear blurred in the original microspheres phantom images of Figs. 4.4(D,J), while
the microspheres appear of smaller size, with sharp boundaries, almost round shape and of
significantly higher contrast in the compensated ROI images using the proposed C-OCT
imaging as shown in Figs. 4.4(F,L).
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Figure 4.4: (A) Cross-sectional OCT image of a gel phantom with embedded 1um
polystyrene microspheres. (B) Same image produced with the RML-COCT and (C) C-
OCT. White rectangles mark regions of interest (ROI above, at and below the focal plane).
(D,G,J) Magnified copies of the marked ROIs in the original image, (E,H,K) RML-COCT
image and (F,I,L) C-OCT image. (M) Intensity profiles measured along the white lines
in images (D,E,F) acquired from a location above the focal plane. (N) Intensity profiles
measured along the white lines in images (J,K,L) acquired from a location below the focal
plane.
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Figure 4.5: (A) Enface OCT image of microspheres acquired at the focal plane. Same
region produced with the (B) RML-COCT method and (C) C-OCT framework with white
rectangles marking ROIs. (D-I) Magnified images of the ROIs at the focal plane. (J,K)
Lateral and axial data intensity profiles for marked lines in (D-I).

As can be seen from the results in Fig. 4.4, while RML-COCT compensates for the
OCT optical aberrations to a certain degree, as observed by the shape of the microspheres
in the resulting images in Fig. 4.4(E,K), the microspheres still appear blurred and of
bigger size compared to the sharp, aberration corrected microspheres in the compensated
images produced using the proposed C-OCT imaging in Figs. 4.4(F,L). This shows the
better performance of proposed C-OCT imaging in terms of optical aberrations correction
compared to the tested RML-COCT imaging.

To evaluate the efficacy of the proposed C-OCT imaging in terms of OCT lateral
resolution improvement, the data intensity profiles are presented in Figs. 4.4 (M,N) and
for the locations across a chosen microsphere, shown by white horizontal lines in images
of Figs. 4.4(D-F and J-L). In these data intensity plots, the red color profiles is related
to the original OCT image and the blue and black color intensity profiles are respectively
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Figure 4.6: (A) Enface OCT image of microspheres acquired at 100um bellow the focal
plane. Same region produced with the (B) RML-COCT method and (C) C-OCT framework
with white rectangles marking ROIs. (D-I) Magnified images of the ROIs at 100um bellow
the focal plane. (J,K) Lateral and axial data intensity profiles for marked lines in (D-I).

related to the compensated images using RML-COCT imaging and C-OCT imaging.

Evaluating both the intensity profiles in Fig. 4.4(M, N) clearly show the better cor-
rection of out-of-focus optical aberrations using the proposed C-OCT imaging. In both
intensity profiles of Figs. 4.4 (M,N), the width of black color intensity profiles which is
related to the compensated OCT images obtained using C-OCT imaging is less than the
width of both blue and red color profiles which respectively are related to the compensated
images using the RML-COCT imaging and the original OCT image. Less intensity profile
width is expected when the amount of optical aberrations is better compensated.

In this experiment, to better demonstrate the performance of proposed C-OCT imaging,
the enface images acquired from the microspheres phantom are also shown in Fig. 4.5(A)
for the focal plane and in Fig. 4.6(A) and Fig. 4.7(A) at 100um and 300um below the
focal plane. The compensated enface phantom images with both RML-COCT imaging
and C-OCT imaging are respectively displayed in Figs. 4.5(B,C) at focal plane and Figs.
4.6(B,C) and Fig. 4.7(B,C) at 100pum and 300um below the focal plane.
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Figure 4.7: (A) Enface OCT image of microspheres acquired at 300um bellow the focal
plane. Same region produced with the (B) RML-COCT method and (C) C-OCT framework
with white rectangles marking ROIs. (D-I) Magnified images of the ROIs at 300um bellow
the focal plane. (J,K) Lateral and axial data intensity profiles for marked lines in (D-I).

To better emphasize these results, ROIs containing a few microspheres were selected
(locations marked with the white line rectangles) from images in Fig. 4.5(A-C), Fig. 6.5(A-
C) and Fig. 4.7(A-C) and magnified versions of them are displayed in these figures. As
can be observed in these zoomed in regions, the microspheres which are closer to the focal
plane are exhibited as high reflective spots with less distortion in Fig. 4.5(D) while the
microspheres at farther away from the the focal plane in Fig. 4.6(D) and Fig. 4.7(D) are
appeared as low reflective spots with distorted shape and also with a size larger than the
physical size of the microspheres. Assessing the zoomed-in results clearly show a better
compensation of OCT optical aberrations using the proposed C-OCT imaging such that the
compensated images in Fig. 4.5(F), Fig. 4.6(F) and Fig. 4.7(F) show better improvement
in the shape and contrast for the microsphere images acquired at both near the focal plane
and also at the farther depths of 100um and 300um from the focal plane and compared to
the images in Fig. 4.5(E), Fig. 4.6(E) and Fig. 4.7(E) produced with tested RML-COCT.
For example, the distinguishing between the two top shown microspheres in Fig. 4.7 (D,E)
is impossible due to the existence of optical aberrations, however these two microspheres
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can be easily seen in compensated image of Fig. 4.7(F) due to the perfect aberrations
correction using the proposed C-OCT imaging.

To have a better intuition about the efficacy of proposed C-OCT imaging in terms of
optical aberrations correction, the data intensity profiles for one line of data is also shown
in Fig. 4.5(J,K), Fig. 4.6(J,K) and Fig. 4.7(J,K). The displayed data profiles are generated
for both lateral and axial directions and for the locations marked with the red color lateral
and axial lines around a sample microsphere in these images. The displayed data intensity
profiles can generally prove the better performance of proposed C-OCT imaging in terms of
optical aberrations correction such that the C-OCT data profiles (black profiles) show less
width compared to the data profiles generated using the RML-COCT image (blue profiles)
as well as the original OCT image (red profiles).

Again, considering the results of Fig. 4.5(E,F), Fig. 4.6(E,F) and Fig. 4.7(E,F) show
the efficacy of both RML-COCT and C-OCT imaging in terms of speckle noise reduction
such that the amount of speckle noise is greatly reduced in the zoomed-in images displayed
in these figures.

4.6.5 Experiment 3: ex-vivo Imaging

In the third experiment, the performance of proposed C-OCT imaging for the aim of
jointly OCT optical aberrations correction and speckle reduction in biological tissues is
tested using imaging of a corneal stroma tissue. Ex-vivo OCT images were acquired from a
sample of fresh porcine corneal stroma tissue preserved in buffer solution and with the same
ultra high resolution spectral domain OCT configuration explained in Section 4.6.1. The
OCT imaging procedures was carried out in accordance with the University of Waterloo’s
ethics regulations for imaging of biological tissue. As a post-processing step, the OCT
dispersion was corrected numerically up to the 9*" order.

To calculate noise compensated, aberration corrected OCT images, the proposed C-
OCT imaging was applied using the incorporation of the optimized aberration function, H
in to the framework of C-OCT imaging. The proposed C-OCT imaging was tested using
different number of iterations where the optimal results were acquired using 35 iterations.
The results were compared to the produced image using the RML-COCT imaging and
with the same number of iterations to have a fair comparison between the results.

An intensity projection OCT image of the cornea that shows part of the Descemet’s
membrane and the underlying corneal stroma is presented in Fig. 4.8(A). In this image, the
thin white, straight lines are representing the collagen strands of the Desceme’s membrane,
which are appeared in focus on the original OCT image in Fig.4.8(A). The low reflective,

61



T —wo
; —RML-COCT
i 08 —c-ocT

0 2 46 8 101214 16 18 20 22 24
Distance (um)

Figure 4.8: (A) OCT intensity projection images of the interface between the Descemet’s
membrane and the stroma of a porcine cornea, acquired ez-vivo. White rectangle marks
ROI. Same image produced with (B) RML-COCT and with (C) C-OCT imaging. (D-F)
Magnified views of the ROIs marked in images A-C. (G) Intensity profiles measured from
the locations in images D-F, marked with the white lines in D-F.

wavy lines are the collagen lamellae of the stroma tissue. Since the stromal collagen
lamellae in this image are located away from the focal plane, they are appeared blurred in

the original OCT image of Fig. 4.8(A).

The compensated corneal OCT image produced with RML-COCT and C-OCT are
respectively shown in Figs. 4.8(B,C). To have a better visualization of these results, mag-
nified views of the ROIs selected from the images in Figs. 4.8(A-C) (white line rectangles)
are also shown in Figs. 4.8(D-F) respectively.

The produced images using both tested RML-COCT as well as proposed C-OCT imag-
ing was resulted in the significant reduction of speckle noise as can be observed in the
images of Figs. 4.8(E,F). The out-of-focus collagen lamellae of the stroma appear blurred
in the original OCT image as shown in Fig. 4.8(D) and more sharper in the compensated
images produced with C-OCT imaging in Fig. 4.8(F) and compared to the compensated
corneal OCT image using tested RML-COCT in Fig. 4.8(E). This results confirms the
better performance of proposed C-OCT imaging for the aim of jointly optical aberrations
correction as well as speckle reduction in OCT imaging.

To further evaluate the results of this experiment, the intensity profiles acquired across
a single fiber at locations marked with the white lines in Figs. 4.8(D-F), are also shown in
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Fig. 4.8(G). The intensity profiles show that both RML-COCT and C-OCT imaging are
able to compensate the out-of-focus optical aberrations as resulted in a smoother, narrower
intensity profiles and with less side-lobes. However, from the plotted intensity profiles of
Fig. 4.8(G), it can be said that, the proposed C-OCT imaging can compensate better for
the out-of-focus optical aberrations as the related intensity profile (black intensity profile)
is more narrow compared to the intensity profile of RML-COCT imaging (blue intensity
profile).

For quantitative assessment and comparison of the experimental results, the SNR values
for all OCT images in Figs. 4.8(A-C) are also calculated using Eq. 4.11. The image SNR
for the cornea image was measured to be 21.8dB, while the SNR for the RML-COCT and
C-OCT images were measured to be 24dB and 27.9dB respectively. This show the SNR
improvement of ~ 6dB using the proposed C-OCT imaging.

4.6.6 Time Analysis

For all experiments described above, a computation time analysis was performed to assess
the computational efficiency of the proposed C-OCT imaging compared to the tested RML-
COCT imaging, when the acquired time shows that the tested RML-COCT is in average
1.2 times faster than the proposed C-OCT imaging.

4.7 Summary

A novel unified random based computational compensated OCT (C-OCT) imaging was
proposed for the aim of generating compensated OCT images of better quality. The de-
signed C-OCT imaging framework was set to jointly compensate for the OCT degradations
due to the optical aberrations and speckle noise. Experimental results using different OCT
data showed that the proposed C-OCT imaging is a promising computational approach
for the quality enhancement of OCT imaging. The overall SNR and contrast of OCT
imaging increased with the use of proposed C-OCT imaging and compared to the tested
state-of-the-art RML-COCT imaging. The proposed C-OCT imaging framework can be
modified in the future works to account for other types of OCT degradations and to better
improve the quality of OCT imaging through a purely computational approach. This could
be beneficial for the quality enhancement of different types of OCT with no need to do
any hardware modifications on the OCT system and therefore can be a good replacement
for the hardware-based OCT compensation techniques.
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Chapter 5

Compensated Super Resolution
Optical Coherence Tomography

In this chapter, a compensated super resolution OCT (C-SR-OCT) framework is proposed
for enhancement of the OCT image quality and particularly the OCT spatial resolution.
The C-SR-OCT is designed within the same probabilistic compensated medical imaging
framework that was discussed in Chapter 3. The proposed C-SR-OCT aims to jointly
correct for the different factors that can degrade the OCT image resolution and SNR by
utilizing a SR-based compensation approach. The general idea of SR-OCT is described
in Section 5.1 with a brief review of publications related to the proposed novel SR-OCT
imaging approach. The main formulation and design of the proposed C-SR-OCT method is
presented in Section 5.2. Validation test results for the C-SR-OCT framework are presented
and discussed in Section 5.3. A summary of the chapter is provided in Section 5.4.

5.1 Super Resolution OCT

SR-OCT is a promising computational strategy that can be used for the aim of quality
enhancement in OCT imaging. To perform SR-OCT, multiple low resolution OCT images
need to be acquired from the same location of the imaged sample and combined together
to form a higher-quality OCT (SR-OCT) image. The main idea of SR-OCT is supported
by work in the field f general image super-resolution, which has become popular in different
fields and applications [95].

In a typical OCT imaging procedure, individual OCT data acquisitions are often subject
to a sample or beam motion plus noise which overall leads to capturing of OCT images
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with subtle different and unique information of the imaged tissue. Therefore, by combining
multiple such images, a new OCT image of higher spatial resolution can be obtained.

A number of computational methods can be used to generate SR-OCT images. One
simple approach would be to perform an averaging on a set of degraded OCT images to
increase the SNR of resulted SR-OCT image [130, |. The averaging based SR OCT
assumes a stationary condition for both imaged tissue and scanning beam during the OCT
image acquisition. However, this assumption is generally incorrect due to the motion of
sample beam (for example: in case of jitter and non-linearity of the galvanometric scanners)
or due to the motion of sample itself (for example: biological noise such as breathing and
heart rate, saccades in the eye). To solve this issue, in a previous study, a regularized
dynamic programming algorithm was first applied to compensate for the motion between
multiple OCT images following by an averaging step to generate SR-OCT image with
higher SNR and more contrast [55]. A Kernel Based Interpolation (KBI) approach was
proposed to produce a SR-OCT image from a set of aligned Low Resolution OCT images
(LR-OCT) [127]. A Multi Penalty Conditional Random Field (MPCRF) approach for
performing of SR-OCT was proposed to produce SR-OCT images with better resolution
using a set of LR-OCT acquisitions [1]. This method takes advantage of multiple defined
prior terms added to a general CRF framework to enforce the final solution of SR OCT
imaging to be of higher spatial resolution. A multi frame SR-OCT technique was proposed
for the OCT lateral resolution enhancement [I11]. A SR-OCT approach using modified
back projection method was developed to enhance the quality of OCT images [155].

5.2 Compensated Super Resolution OCT Formulation

Here, we propose a novel C-SR-OCT computational approach which takes advantage the
probabilistic compensated medical imaging framework of Chapter 3 to generate a SR-OCT
image using multiple degraded OCT measurements. The developed C-SR-OCT framework
is designed to jointly correct for several OCT degradations factors including the 1) blurring
due to the effect of OCT PSF function, (2) speckle noise as well as (3) motion artifact in
a unified computational framework.

Assuming M = F~1(M(w)) is a degraded OCT measurement in spatial domain, where
F denotes the Fourier transform, and M(w) represents the degraded OCT data acquisition
in k-space domain, a C-SR-OCT framework using a set of degraded OCT measurements,
M, k=1,2,...,W, can be formulated as a general forward problem,

log(My) = log(Dy(Y)) + log(Nspk) (5.1)

65



where, Dy(.) models the overall OCT degradation function (observation function in SR
imaging literature) which models the OCT degradations due to the (1) effect of OCT PSF
and also (2) motion artifact and with X, denoting to the speckle noise for each single OCT
measurement. Here, a logarithmic transform is used to change the multiplicative form of
speckle noise to an additive noise term that is common in forward modeling formulation.

According to the formulation of Eq. 5.1 and with assuming both OCT measurements,
M,k =1,...,W as well as C-SR-OCT image, Y, as random fields, the proposed C-SR-
OCT framework aims to find the best estimate of C-SR-OCT image, Y, trough solving an
inverse problem,

Y = argmaz P(Y|My, M, ..., My,) (5.2)
which is designed in a Maximum A Posteriori (MAP) framework. Here, P(Y'|M;, M, ..., My ),
is the posterior conditional probability of C-SR-OCT image, Y, given a set of degraded
OCT measurements, M,k =1,2,...,W, which can be modeled as,

1

P(Y|My, My, ..., My ) = 20,y My, s M)

exp(—E(Y, My, My, ..., My)) (5.3)

where, Z is a normalization term, and E/(.) is a joint energy function defined over multiple
OCT measurements, My, k = 1,....,W and the C-SR-OCT image Y. The joint energy
function can be formulated as,

E(Y, My, My, ..., My) =Y WS (y;, My, My, ..., My) + > U (yy, My, Ms, ..., Myy)
€S weC
(5.4)
which is a combination of the unary and pairwise potential functions, W;*P(.) and W;*P(.).
Similar to the proposed C-OCT imaging in Chapter 4, a distance based unary potential
function is used,

sup . _ 1
WP (y;, My, ..., Myy) o
which aims to encode the direct relationships that exist between each OCT measurement,
m;, and C-SR-OCT image, y;, at each location ¢ in the assumed graph while accounts
for the OCT degradations due to the effect of (1) OCT PSF as well as (2) motion artifact
among multiple OCT images using the degradation function, D(.), and with respect to
the multiple OCT measurements, My, k = 1,...,W. Here, 7, is a constant factor which
controls the impact of the designed distance based unary term in the final solution of C-
SR-OCT imaging. In the formulation of Eq. 5.4, the pairwise potential function, W5 (.),

274

exp (Zk:l(zog(mi,k) - log(Dk(yi))Q) - (5.5)
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is modeled as,

W
P (Ypeo, My, ..., My) = Zexp
k=1

(||Nz',k — Njklly

Osr

) (i—v): C=1{ij}, (56

which models the pairwise interactions between each pair nodes y; and y; regarding to the
multiple OCT measurements My, k = 1,..., N, when the goal is to find the best estimate
of C-SR-OCT image, Y. Here, N; ; and N, respectively denote to specified neighborhood
coordinates centered around the " and j** locations in the assumed graphs for the k"
OCT data acquisition. The designed pairwise potential function takes advantage of a
weighting exponential function to assess the similarity of two nodes y; and y; in the defined
neighborhoods. In this formulation, o, is the standard deviation that controls the effect of
pairwise potential function W;*P(.) within a specific clique structure C. Using the designed
pairwise potential function basically compensates for the speckle noise in final solution of

C-SR-OCT image.
To find the final solution of C-SR-OCT imaging, an approximation of graph cuts opti-
mization method is applied [173],

VE(M,Yy,...,Yw)

VY ’
which iteratively solves the MAP problem of Eq. 5.2 by minimizing the joint energy
function, F(.). In this formulation, Y* and Y**! denoting to the final estimate of C-SR-
OCT image at iterations t and ¢+ 1 and W
p denoting the learning rate.

Yt+1 — Yt_p

(5.7)

represents the energy gradient, with

5.3 Experimental Results

To evaluate the effectiveness of the proposed C-SR-OCT framework in terms of recon-
structing a C-SR-OCT image of higher quality by using a set of low quality OCT images,
the proposed C-SR-OCT was applied to a set of simulated OCT data as well as a real OCT
data acquired from two different experiments.

OCT images were acquired in-vivo from the human and the rat retina. All OCT
images were acquired with a high speed, ultrahigh resolution SD-OCT configuration system
operating in the 1060nm spectral range, which provided ~ 3um axial and ~ 5um lateral
resolutions in the rat retina and ~ bum axial and ~ 15um lateral resolutions in the
human retina. All imaging procedures received full ethics clearance from the University of
Waterloo Human and Animal Research Ethics Committees.
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5.3.1 Experiment 1: C-SR-OCT Using Simulated OCT Data

To generate simulated degraded OCT data, a volumetric set of OCT images of size 512 x
512 x 1000 was acquired in-vivo from the human retina optic nerve head of a healthy
subject. Degraded OCT images of size 128 x 128 pixels were then generated from the
original retinal OCT images by enforcing a sub-pixel translational shifts of up to 4 pixels
in both horizontal and vertical directions that simulates a motion artifact between the
multiple OCT acquisitions followed by a decimation factor of 4 pixels with respect to the
original retina image. A sample of original retinal OCT image of size 512 x 512 pixel
is shown in Fig. 5.1(A) with the corresponding degraded simulated OCT image of size
128 x 128 pixels in Fig. 5.1(B).

To perform C-SR-OCT, the simulated motion was incorporated to the degradation
function D(.) in Eq. 5.1. The OCT PSF was modeled using a Gaussian blurring function
and was incorporated to the degradation function, D(.) in Eq. 5.1 while it was charac-
terized using a set of degraded simulated OCT measurements and through an iterative
blind optimization approach. Three degraded simulated retinal OCT images were used to
generate a C-SR-OCT image using of the proposed C-SR-OCT.

Figure 5.1: (A) original human retina OCT image of size 512x512 pixels, (B) a sample of
degraded simulated human retina OCT image of size 128x128 pixels.

The proposed C-SR-OCT was compared to the (1) simple SR OCT imaging using
averaging method as well as (2) the previously published MPCRF SR-OCT which is the
state of the art. All SR-OCT methods were implemented using MATLAB software and were
tested on an AMD Athlon IT X3 3.10 GHz machine with 12GB of RAM. The parameters of
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tested MPCRF SR-OCT imaging were set to the best resulted value listed in the previously
published paper [11]. To have a fair and consistent comparison between the results of all
tested methods, the same number of degraded OCT images were utilized for generating of
a SR-OCT images using all methods.

Identification and characterization of different morphological structures of the human
retina such as retinal layers, as well as blood vessels (dark circular regions in the image) is
challenging using the degraded simulated OCT image of Fig. 5.1(A) due to the low image
resolution, blurring effects and also the presence of speckle noise. Retinal images generated
using the SR-OCT methods are shown in Fig. 5.2.

A visual comparison of the SR-OCT image results for all tested methods as shown in
Fig. 5.2 shows the outperforming of proposed C-SR-OCT for the aim of OCT quality
enhancement. Using the proposed C-SR-OCT framework is resulted in better and clearer
visualization of the different retinal layers as well as retinal blood vessels in reconstructed C-
SR-OCT image using the simulated retinal OCT image (compare Figs. 5.2(B and E)). The
blood vessel boundaries as well as the boundaries between the individual retinal layers are
sharper and can be distinguished better from the surrounding tissue in the reconstructed
C-SR-OCT image using the proposed C-SR-OCT, shown in Fig. 5.2(E) and compared to
the state of the art MPCRF SR-OCT imaging results, shown in Fig. 5.2(D) as well as
averaging based SR-OCT imaging result as shown in Fig. 5.2(C).

The results presented in Fig. 5.2 also show the efficacy of the proposed C-SR-OCT
for speckle noise suppression which in turn lead to improved image contrast and better
visualization of fine morphological structures in the retinal tissue. This interpretation of
results can be better appreciated by comparing the zoomed in regions shown in Fig. 5.2(F-
J). These zoomed-in regions show an example of retina blood vessels intersection that
could be better observed in the produced C-SR-OCT image of Fig. 5.2(J) using proposed
C-SR-OCT.
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Figure 5.2: (A) Original human retina OCT image of size 512x512 pixels, (B) a sample
of degraded simulated human retina OCT image of size 128x128 pixels. Reconstructed
images using (C) averaging method, (D) MPCRF method and (E) proposed C-SR-OCT
imaging. (F-J) zoomed regions of the blood vessel area in images (A-E) marked with the
red box in the original OCT image in (A).

70



5.3.2 Experiment 2: C-SR-OCT Using Real OCT Data

To better evaluate the performance of proposed C-SR-OCT in case of real OCT data, the
proposed C-SR-OCT framework was also tested on a set of 3 consecutive OCT images
acquired in-vivo from the same location of the rat retina tissue. Fig. 5.3 shows a represen-
tative cross-sectional OCT image acquired in-vivo from the rat retina. Visualization of the
major retinal layers as well as small size morphological features such as reflections from
individual retinal blood cells is difficult using the degraded OCT retinal image in Fig. 5.3.

Figure 5.3: A cross-sectional OCT image acquired in-vivo from the rat retina.

To generate a C-SR-OCT image using the rat retinal OCT data, the proposed C-
SR-OCT imaging was performed by accounting for a resolution enhancement factor of 2
pixels in each dimension. The motion between the three rat retina OCT images resulting
from the eye motion was estimated using a cross-correlation method [12]. The estimated
motion artifact was incorporated to the degradation function, D(.) in Eg. 5.1. The same
OCT PSF function, estimated using the experimented simulated OCT data was used for
reconstruction of a SR-OCT image using the real rat data when it is incorporated to the
modeling of degradation function, D(.), in Eq. 5.1.

To evaluate the performance of proposed C-SR-OCT in working with the rat retinal
OCT image, the proposed C-SR-OCT was also compared to the SR-OCT imaging using (1)
averaging method as well as (2) MPCRF SR-OCT imaging method. All SR-OCT imaging
methods were implemented using MATLAB software and were tested on an AMD Athlon
IT X3 3.10 GHz machine with 12GB of RAM. To satisfy the consistency of the results
comparison, the same number of rat retinal OCT images was utilized to perform all tested
SR-OCT imaging methods.

The results of all tested SR-OCT methods for generating a C-SR-OCT image using
three degraded rat retinal OCT measurements is shown in Fig. 5.4. Similar to the results
of the previous experiment, applying of the proposed C-SR-OCT was resulted in better

71



(a)

Figure 5.4: (A) Original in-vivo rat retinal OCT image, reconstructed C-SR-OCT images
using (B) averaging based SR-OCT, (C) MPCRF SR-OCT and (D) proposed C-SR-OCT
methods. (E-H) Zoomed-in regions of the area marked with the red box in original rat
retina OCT image in (A).
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preservation and visualization of different morphological features and structures of the rat
retina such as the individual retinal layers and blood vessels as can be seen by comparing
of the reconstructed SR-OCT images shown in Figs. 5.4(A,D).

For a closer comparison of the results, a region of interest (ROI) as marked with red box
in Fig. 5.4(A) is chosen and a magnified view of that ROI is displayed in Fig. 5.4(E-H) for
all tested methods. The zoomed-in regions show that although the state-of-the-art MPCRF
SR-OCT imaging greatly reduced the effect of speckle noise, it leads to the blurring of some
image regions which is undesired. As it can be seen from these results, the blood vessel
boundaries and retinal layers are sharper and therefore better visualized in the produced
C-SR-OCT image of Fig. 5.4(H) and compared to the resulted SR-OCT image using the
tested MPCRF-SR-OCT imaging as shown in Fig. 5.4(G). These results demonstrate the
superior performance of proposed C-SR-OCT for jointly correcting for the degradations
due to the OCT PSF and speckle noise.

5.3.3 Quantitative Analysis of Results

To quantitatively assess the performance of the proposed C-SR-OCT, Contrast-to-Noise
Ratio (CNR) and Equivalent Number of Looks (ENL) are calculated,

R
r=1 0-7"1 + J
H
1 T
ENL = — — i
A [ ] i

In formulation of CNR, pu,; and p,; are the mean values for the two defined regions on
the OCT image and o,; and 0,9 respectively denote to the standard deviations for those
arbitrary ROIs. ENL metric measures the smoothness of an image in specified homogeneous
areas, where a greater value depicts a smoother area. In formulation of ENL, u;, and oy,
respectively refer to the mean and the variance of a chosen homogeneous ROI on OCT
image. The calculated CNR and ENL values for all tested SR-OCT imaging methods and
for both experiments using the simulated human retina as well as real rat retina OCT
images are respectively reported in Table 5.1 and Table 5.2. As the reported CNR values
in both Table 5.1 and Table 5.2 show, the proposed C-SR-OCT achieved the highest CNR
values compared to that of other tested SR-OCT methods, with an improvement of ~ 10d B
over the original OCT image and for both experiments using the simulated and real OCT
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Table 5.1: Image quality metrics evaluated for the different tested SR-OCT methods cal-
culated using the SR-OCT images reconstructed from simulated human retina image.

Method ~ CNR (dB) ENL
original 2.68 6.95

Averaging 5.03 12.47
MPCRF 8.99 69.24

C-SR-OCT 12.18 78.56

Table 5.2: Image quality metrics evaluated for the different tested SR-OCT methods cal-
culated using the SR-OCT images reconstructed from rat retinal image.

Method ~ CNR (dB) ENL

original 3.64 62.07
Averaging 9.18 224.52
MPCRF 11.09 500.63

C-SR-OCT 12.27 495.23

data. This quantitative assessment also confirms our previous interpretation of the results
as it shows better discrimination of the blood vessels from the surrounding tissue due to
the image contrast improvement as it is visible in the results of both Fig. 5.2 and Fig. 5.4.

Furthermore, assessing of the reported values for the ENL metric in both Table 5.1
and Table 5.2 shows a considerable improvement of ENL values (higher ENL values) for
the both proposed C-SR-OCT method and tested MPCRF-SR-OCT when it compares to
the original OCT image as well as the produced SR-OCT image using averaging based
SR-OCT. This quantitative results also confirms our previous visual interpretation of re-
sults for both reported experiments using the simulated and real OCT data. Based on
all the qualitative and quantitative results, both of the proposed C-SR-OCT and tested
MPCR-SR-OCT methods resulted in obtaining smoother images from homogeneous areas
of sample such as the nerve fiber layer tissue surrounding the blood vessels in both the hu-
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man retina and the rat retina images while the proposed C-SR-OCT could better preserve
the fine structures of the tissue compared to the tested MPCRF-SR-OCT method.

5.4 Summary

A C-SR-OCT was proposed for the quality enhancement in OCT imaging and using a set
of degraded OCT images. The designed C-SR-OCT was set to simultaneously correct for
the multiple OCT degradations due to the (1) OCT PSF, (2) motion artifact as well as (3)
speckle noise within a probabilistic based SR imaging framework. Testing of the designed
C-SR-OCT using both simulated and real multiple OCT measurements demonstrate the
power of proposed computational framework for generating a high quality OCT image from
multiple low quality OCT images. The proposed C-SR-OCT can be used for the quality
enhancement of different OCT data using various OCT configurations and without the
need for any hardware modification of the OCT system configuration.
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Chapter 6

Compensated Magnetic Resonance
Imaging

In this chapter, a compensated magnetic resonance (CMR) imaging is developed and de-
signed for the aim of quality enhancement in MR imaging. The developed CMR imaging
is designed within the framework of proposed probabilistic compensated medical imaging
that is explained in Chapter 3. The proposed CMR imaging is developed to jointly correct
for several MR degradation issues including (1) MR aberrations due to intrinsic properties
of MR scanner, (2) bias field inhomogeneity, as well as (3) inherent MR noise in a unified
computational framework. This chapter begins with introducing MR imaging and different
MR modalities in Section 6.1 following by explaining about MR image degradation factors
in Section 6.2. A brief review of the most popular proposed methods for correction of
each explained MR degradation issue is also provided in Section 6.2. The proposed CMR
imaging framework is designed and formulated in Section 6.3. Experimental results using
the developed CMR imaging are presented and discussed in Section 6.4. A short summary
of this chapter is provided in Section 6.5.

6.1 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a standard and well-known imaging technique that
has found various applications in both diagnosis and medical research. MR scanners basi-
cally takes advantage of a strong magnetic field, radio frequency signals and field gradients
to generate MR images from different organs and soft tissues such as brain, breast tissue,
lung and prostate [65].
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MR imaging works based on the magnetization property of water molecules which
contain hydrogen nuclei (protons). To perform an MR imaging, one MR scanner applies
a strong magnetic field (By) to the target organ/tissue such that the proton spins of
the tissue/organ are getting aligned with the magnetic field direction. Applying of an
electromagnetic radio frequency (RF) pulse at the resonance frequency of protons leads
to the generation of a varying magnetic field (B;) which causes that the aligned proton
spins flip (90° or 180%). The resonance frequency of protons depend on the strength of the
applied magnetic field. The excited protons gradually precess to the normal spin position
by turning of the RF field and as they lose the absorbed RF energy such that generate
an MR signal. A gradient coil is also used to change the strength of magnetic field at
different positions and therefore change the precession frequency of the proton spins along
the direction of the field gradients which allows for the spatial encoding of the acquired
MR signal. Finally, an MR image can be calculated using the 2-D Fourier transform of the
recorded spatial frequencies MR signal [05].

In MR imaging technique, the number of radio frequency pulses and gradients determine
an MR sequence. Different MRI modalities are developed with the use of various types
of MR sequences while each measure specific tissue properties and therefore is suitable
for displaying of different details and structures of the imaged tissue [17]. One typical
type of MR modalities is the T2-weighted MRI which generates MR images with relying
on the differences in the T2 relaxation time of the tissue. T1-wighted MRI is another
modality that takes advantage of calculating the differences in T1 relaxation times of
the tissue to generate MR images. PD-weighted MRI is another MR modality which
translates the difference of proton density between the various tissues to an MR image
such that tissues/regions with more proton density appear brighter in the resulted MR
image. Diffusion-weighted MR (DW-MR) imaging is another type of MR modality which
produces MR images by measuring of the random Brownian motion of water molecules that
happens inside the tissue. Defining the exact relation between the tissue histology and the
diffusion is always complicated, however, in general, denser tissues (for example cancerous
tissue) typically show lower diffusion such that it can be observed in the acquired DW-MR
images. In DW-MR modality, the sensitivity of MR imaging to the amount of diffusion can
be controlled using a specific parameter, called as b-value. Performing of DW-MR imaging
with higher b-values basically increases the possibility of delineation between the healthy
and cancerous tissues which is desired for having a correct diagnosis.

A combination of different MR modalities such as T1-weighted, T2-weighted, PD-
weighted and DW-MR leads to a multi parametric MRI technique (MP-MRI) which can
improve the performance of MR imaging by emphasizing on a combination of different
features and details of the tissue [69]. This technique has found great applications for te
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aim of tumor detection and localization.

6.2 Magnetic Resonance Imaging Degradations

The overall quality of all different types of MR imaging modalities can be limited due to
effect of several image degradation factors such as various types of MR artifacts and noise.
Using of MR images with low quality can generally affect on the correct visualization and
analysis of MR images as it makes challenges for both radiologist and computer-aided
methods to have a reliable interpretation of the radiology results and therefore may lead
to the mis-diagnosis.

In MR imaging, different types of artifacts can be caused by a variety of factors [17].
MR imaging artifacts mainly can be classified to the different categories including the
patient related artifacts (for example: motion artifact or the artifact due to the metallic
implants), system related artifacts (for example: bias field artifact and shading artifact)
and also those artifacts which are related to the specific properties of the imaged tissue
(for example: magnetic susceptibility artifact, chemical shift artifact and dielectric effect
artifact).

Compensating for each of the above mentioned MR degradations is solely important for
the quality enhancement of MR imaging and can reduce further challenges for the correct
analyzing and interpretation of MR images from different modalities.

In this chapter, we have designed and developed a CMR imaging framework which
aims to jointly correct for the several MR degradation issues including (1) MR aberrations
due to intrinsic properties of MR scanner (MRI PSF), (2) bias field inhomogeneity, as
well as (3) inherent MR noise. All these MR degradation factors typically can be seen in
different types of MR imaging modalities and generally reduce the overall quality of the
MR imaging. A short explanation of these MR image degradation issues is provided here
following by a brief review of the previous proposed methods for compensating of each MR
degradation factor.

6.2.1 MR Bias Field Inhomogeneity

Bias field inhomogeneity is a recognized image degradation issue in all various types of
MRI modalities. In MR imaging, Bias field inhomogeneity can arise either due to the
effect of MR scanner or due to the impact of tissue/organ anatomy (for example: in EPI
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imaging, the susceptibility differences at tissue/air and tissue/bone interfaces). The bias
field inhomogeneity can be seen as a smooth spatially varying intensity in homogeneous
areas of the imaged tissue. The effect of bias field inhomogeneity typically increases with
the use of more strong magnetic fields, for example in using of 37" and 77" MRI systems.
The presence of Bias field inhomogeneity makes challenges for the correct visualization
of different small details and features in a captured MR image and can have a significant
negative impact on the overall accuracy of the different image analyzing tasks and therefore
may lead to the increased inter- and intra-observer variability for MR image interpretation.
Therefore, correcting for the bias field inhomogeneity is a required step in the pipeline of
MR imaging quality enhancement.

To deal with bias field inhomogeneity in MR imaging, different prospective and retro-
spective methods are employed with various types of MRI modalities and for the case of
imaging different tissue/organs [161]. In general, prospective approaches mainly focus on
correcting for the scanner-related bias fields while they take advantage of a MR phantom,
multi-coil MR imaging, or specific designed MRI sequences to compensate for the effect of
bias field inhomogeneity. Using of prospective bias field inhomogeneity correction methods
can be complicated, more expensive and also time consuming as there is a need for adding
of an extra hardware component to the MRI system or modifying MR imaging protocol.

On the other hand, retrospective approaches propose an easier, cheaper and more effi-
cient solution for the bias field inhomogeneity correction in MR imaging. The retrospective
methods basically effort to compensate for both scanner-related and anatomy-related bias
field inhomogeneities and with relying on the retrieved information from the acquired MR
image or some primary informations about the bias corrected MR image.

According to the literature, the most popular retrospective methods for the bias field
inhomogeneity correction are the filtering based approaches, surface fitting methods, jointly
bias correction and segmentation as well as histogram-based methods [161]. In general,
filter-based bias correction methods assume that MR bias field inhomogeneities are largely
characterized at the low frequencies and therefore can be suppressed using a low-pass
filter. Bias correction using filter-based methods is generally fast and easy, but may lead
to the lose of some useful low frequency image context. Surface fitting methods basically
model the bias field inhomogeneities as a parametric function, for example, a polynomial
or spline functions, while the overall performance of this approach is highly depends on
the selection of true initial points and also choosing a correct model for the bias field
inhomogeneities. Bias correction using segmentation-based approaches are designed in a
way to perform an alternating bias field inhomogeneity correction and segmentation task.
Here, the accuracy of the results of each step can highly affect on the other step. In addition,
these methods are often time consuming, particularly if the main goal is to perform the

79



bias field inhomogeneity correction. Bias field inhomogeneity correction using histogram-
based methods mainly rely on the image intensity histogram or image entropy to perform
the bias correction task. These methods often assume a prior distribution for modeling of
each specific tissue such that it may limit the effectiveness of the bias correction approach
in using with other tissue types.

6.2.2 MR Noise

MR noise is one of the important image degradation factor that exist in all types of MR
imaging modalities. The presence of MR noise hinders the correct visualization of different
details and structures of the imaged tissue/organ and therefore makes some challenges for
the further image processing tasks such as segmentation, registration and other types of
required MR analyzing procedures.

In MR imaging, the main source of noise is a thermal noise which arises due to the
combination of different factors such as the effect of body (tissue/organ), the MR coil
as well as the electronics [25]. With assuming that the real and imaginary parts of the
acquired MR data contain independent noise, the overall noise for the magnitude of an MR
image is modeled using a Rician distribution [25]. With this assumption, for MR data with
high SNR, the noise model can be approximated as a Gaussian probability distribution and
for the regions with low SNR, the noise can be modeled using a Rayleigh distribution [100].

Due to the obvious degrading effect of MR noise on all types of MR imaging, a significant
portion of MR imaging enhancement studies are assigned to develop MR noise reduction
methods. One main strategy for MR denoising is to compensate for the MR noise during
the data acquisition. This approach often adds to the time of data collection or reduce the
spatial resolution of the acquired MR image which are undesired.

Another main strategy for MR noise correction is to take advantage of a variety of
post acquisition methods which aim to perform MR denoising while preserve the image
spatial resolution. A main classification of these methods divides them to the filtering
approaches, transform approaches and statistical approaches [97]. Different linear and non-
linear filters are designed for the aim of MR noise correction using filtering based methods.
Transform based methods aim to improve the efficiency of MRI denoising by performing of
noise correction in a transform domain such as the wavelet or curvelet domains. The most
popular statistical based MR denoising methods take advantage of the maximum likelihood
approach, linear minimum mean square error estimation, Markov random process and
Bayes estimation for the aim of MR noise compensation.
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6.2.3 MR Scanner Characteristics Function

Similar to all imaging systems, the effect of MR scanner characteristic function (MR point
spread function) is another major source of image degradation in all types of MR imaging
modalities. The effect of MR point spread function (PSF) basically appears as some inho-
mogeneity aberrations in a captured MR image such that degrades the spatial resolution
of the acquired MR image.

Compensating for the aberration that happens due to the effect of MR scanner intrinsic
properties is an important step in the pipeline of MR imaging quality enhancement.

A few studies has been done to improve the quality of MR imaging by accounting for the
effect of MR scanner intrinsic properties (PSF). Regarding to this issue, an optimization
of MRI scanners was performed to reconstruct MR images with higher quality [119]. Point
spread function mapping technique with taking of phase gradient encoding was proposed to
measure MR PSF with high spatial resolution at each single pixel [128, |. Super resolu-
tion reconstruction approach was also proposed as a useful image processing technique for
reconstruction of a high-resolution MR image and by accounting for MR degradations due
to the effect of MR scanner [21, 156]. Blind deconvolution compensation (BDC) technique
was also proposed as a useful approach for the correction of MR aberrations due to the
effect of MR scanner such that can produce an MR image of better quality [27].

6.3 Compensated Magnetic Resonance Imaging

In this section, we develop and design a novel compensated MR imaging (CMR) framework
with taking advantage of the proposed probabilistic cross-domain compensated medical
imaging framework of Chapter 3. The proposed CMR imaging is specifically designed
and formulated to jointly correct for several MR degradation issues including (1) MR
aberrations due to intrinsic properties of MR scanner, (2) bias field inhomogeneity, and (3)
inherent MR noise in a unified computational framework. A general diagram of proposed
CMR imaging is shown in Fig. 6.1.

As the general diagram of Fig. 6.1 display, the proposed CMR imaging takes advantage
of a calibration procedure to obtain MR compensation function, and then leverages this
information into the designed CMR imaging framework which aims to reconstruct an MR
image with higher overall quality. Such a CMR imaging can be used with the different MR
imaging modalities and to increase the quality of MR imaging that aids radiologists for an
easier interpretation and better diagnosis of the different diseases.
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Figure 6.1: A general framework for proposed CMR imaging.

6.3.1 Problem Formulation

MR data acquisition, M(w), from MR scanner is in k-space domain which can be trans-
formed to the spatial domain MR data, M = F~'(M(w)), with applying an inverse Fourier
transform F~!. An MR image corrupted by (1) MR aberrations due to intrinsic proper-
ties of MR scanner, (2) bias field inhomogeneity, as well as (3) inherent MR noise can be
expressed using a general forward model,

M = D(Y,b, hyrr) + Nagr, (6.1)

where, D(.) represents the overall MR degradation function which jointly models the effect
of MR aberrations due to intrinsic properties of MR scanner, hy/r, as well as MR inhomo-
geneities due to the existence of bias field, b. Here, N,z denotes the inherent MR noise
with Rician distribution [25].

Based on the forward problem of Eq. 6.1, CMR imaging can be modeled as an inverse
problem,
Y = D (M, b, hyr), (6.2)
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where the goal is find the best estimate of compensated MR image, Y, through solving
of the inverse problem and with taking advantage of a learned compensation function

C(.) =~ D71().

To solve the inverse problem of CMR imaging, let assume S be a random field containing
set of pixels in a discrete lattice £ upon which an MR image is defined and 7 € S be a
pixel in £ such that M = {m;};cs and Y = {y;};cs denote to the random fields for MR
data acquisition M and compensated MR image, Y. To solve the inverse problem of Eq.
6.2 within the defined random field space, the proposed CMR imaging takes advantage of
a general maximum a posterior (MAP) strategy,

~

Y = argmaxP(Y|M). (6.3)
Y

where, P(Y'|M) is the posterior conditional probability of compensated image Y given MR
data acquisition M which can be modeled as,

P(Y|M) = exp(—E(Y,M)), (6.4)

1
Z(M)
where, F(.) is a joint energy defined defined over MR data acquisition M and compensated
MR image Y. Here, Z(.) determines a normalization term.

With assuming both MR data acquisition, M and compensated MR image Y as random
fields, the proposed CMR imaging takes advantage of the SFC-CRF modeling [137] to define
the joint energy function E(.),

(Y, M) = 30 Waly M) + 32 Wy (5, M), (65)

€S pel

where, the joint energy function E(.) is a combination of unary potential function W, (.)
and pairwise potential function W, (.) which are standard terms in the framework of CRF
modeling. Here, i, refers to the each single location in a defined graphs (random fields)
for the MR acquisition/compensated MR image with C' encoding a set of clique structures
defined over the assumed graphical model.

In the designed CMR imaging framework, the unary potential function is defined as,
Wou(ys, M) = [lm; — D(yi, b, harr) |l (6.6)

where, the goal of incorporated unary function is to enforce the data fidelity with respect
to the MR data acquisition M and by jointly compensating for the MR degradations due
to the intrinsic properties of MR scanner as well as bias field inhomogeneity.
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To this aim, a priory knowledge about the MR PSF function h,sr is required. In the
proposed CMR imaging, a calibration procedure with taking advantage of a standard MR
phantom image is used to estimate the initial model for the intrinsic properties of the MR
scanner (MR PSF) while this prior information is leveraged to the designed optimization
problem of the CMR imaging that needs to be solved to find a true estimate of compensated
MR image.

The joint energy function of Eq. 6.5 also takes advantage of a pairwise potential
function,
¥y e M) = exp( Nl gy 0= i gy (67)

P

which attempts to account for the interaction relationships between each pair of nodes y;
and y; regarding to the whole MR data acquisition, M, when the goal is to find the best
estimate of a compensated MR image Y. To this aim, a standard exponential weighting
function is employed to assess the similarity of each two nodes y; and y; in the specific
neighborhoods N; and N; which are centered at the i and j locations in the assumed
random field. In Eq. 6.7, 0, is a standard deviation for the pairwise potential penalty
term, defined over the clique structure C' and controls the impact of pairwise term in the
final estimate of compensated MR image. Employing of the designed pairwise function of
Eq. 6.7 leads to the better preservation of the different details and structures of the imaged
tissue/organ in the final estimate of compensated MR image Y as it controls for the effect
of MR noise.

Here, employing of the SFC-CRF model is beneficial since it accounts for the long-
range image pixel interactions as opposed to only using a small 4/8 pixels neighborhood
for estimation of compensated MR images such that it helps for the better controlling of
the noise effect in the final estimate of compensated MR images.

6.3.2 Inference

To find the best estimate of compensated MR image Y using the proposed CMR framework,
the posterior conditional probability P(Y|M) in Eq. 6.3 needs to be maximized through
minimization of the joint energy function in Eq. 6.5. To this aim, a gradient descent
algorithm is applied to solve the optimization problem of Eq. 6.3 using the following
formulations,

VE(Y, M)

Yl =yt —p, % s.t. bis fixed (6.8)
E(Y,M
bt =t — pg% s.t. Y is fixed (6.9)
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where p; and p, are the defined learning rates, vgé-) and VVE;) are the gradient of energy
regarding the bias field b and compensated MR image Y. According to the formulation
in Eq. 6.8 and Eq. 6.9, the bias field b and compensated MR image M are estimated in
an interchanging fashion. Here, Y™ and Y**! correspondingly denote the solutions of the
optimization problem at t'* and (¢ + 1) iterations.

6.4 Experimental Results

The performance of the designed CMR imaging is evaluated using two different studies.
The first study aims to use the proposed CMR imaging to jointly correct for the (1) bias
field inhomogeneity and (2) MR noise using the diffusion weighted MR (DW-MR) imaging
modality. The second study adds to the first experimnt by taking advantage of the designed
CMR imaging to simultaneously compensate for the (1) MR aberrations due to intrinsic
properties of the MR scanner, (2) bias field inhomogeneity, as well as (3) MR noise. The
performed experiments for each part is explained here with a comprehensive qualitative
and quantitative evaluation on the results of each experiment.

6.4.1 First Study: Noise Compensated, Bias-Corrected DW-MR
Imaging

In this part, the aim is to use the proposed CMR imaging framework to generate noise
compensated, bias-corrected (NCBC) MR images using of endorectal DW-MR images of
prostate gland. As explained in Section 6.1, DW-MR imaging is a specific MRI modality
which is useful for the aim of tumor detection. Due to this, DW-MR imaging has been
established as a promising MR modality for the aim of prostate cancer (PCa) detection.
Regarding to the physical properties of DW-MR imaging, using of higher b-values improves
the chance of earlier PCa detection as it provides higher image contrast. However, using
of higher b-values leads to a significant image SNR reduction which is not desired.

In prostate DW-MR imaging, to overcome the image SNR limitation issue, one typical
solution is to use of a specific endorectal MR coil that is placed in the patients rectum.
While using of the endorectal coil can significantly boost SNR in DW-MR imaging, one of
the drawbacks is that it also introduces significant bias field inhomogeneity in the prostate
gland region, especially at the zones closer to the coil. Therefore, there is a need to correct
for the bias field inhomogeneity in endorectal DW-MR imaging.
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A common challenge faced in bias field inhomogeneity correction methods, particularly
when dealing with the significant intensity inhomogeneities exhibited in endorectal DW-
MR imaging, is the undesired noise amplification which can have significant negative effects
on not only interpretation but also tasks such as segmentation and registration.

Therefore, having a unified computational framework to jointly account for and com-
pensate bias field inhomogeneity and MR noise is highly desired. To this aim, here, the
proposed CMR imaging is used to generate noise compensated, bias-corrected (NCBC)
MR images from endorectal DW-MR datasets.

6.4.2 DW-MR Imaging Setup

All DW-MR imaging was performed with a 1.5 T MR scanner at Sunnybrook Health
Sciences Center, Toronto, ON, Canada and using a typical endorectal receiver coil. All data
were obtained under the local institutional research ethics board. All imaging experiments
were performed according to a predefined standard imaging protocol with the imaging
parameters shown in Table 6.1.

Table 6.1: Endorectal MR imaging protocol

Parameter Setting

Coil Medrad®eCoils
TR 10,000 ms

TE 73.6 ms
Resolution 0.55 x 0.55 x 3 mm?
Field Of View(FOV) 14 x 14cm
b-value 100, 1000 s/mm?

The performance of the designed CMR imaging in all experiment was compared to
the following bias field inhomogeneity correction algorithms which are the state-of-the art
methods.

e Level set method (LS) [77]
e Low entropy minimization with a bicubic spline (LEMS) [135]

e Surface coil intensity correction (SCIC) [(]
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e Spatial gradient distribution (SGD) [181]
e Bias corrected fuzzy C-means (BCFCM) [2]
e Monte Carlo bias correction (MCBC) [33]

The implementation of all tested methods was performed in MATLAB and tested on
an AMD Athlon II X3 3.10 GHz machine with 12 GB of RAM. The implementation
code for all tested methods are provided by the author of the corresponding papers. The
required parameters of each tested method was set to the best optimal reported values in
corresponding papers.

Three different experiments were deigned to evaluate the performance of proposed CMR
imaging in producing of NCBC MR images using different endorectal DW-MR, images.
The designed experiments take advantage of (1) a synthetic endorectal DW-MR phantom
(Experiment 1), (2) a physical endorectal DW-MR phantom (Experiment 2), and (3) real
patient DW-MR data with endorectal coil at different b-values (Experiment 3). Various
quantitative metrics were used to evaluate the results of each performed experiment.

6.4.3 Experiment 1: Synthetic Phantom

A synthetic DW-MR phantom as shown in Fig 6.2(b) was generated with using the ex-
plained procedure in [33], where an artificial bias field with a Gaussian intensity decay is
introduced into a non-endorectal DW-MR data sample of Fig. 6.2(a).

(a) (b)
Figure 6.2: (a) Non-endorectal DW-MR image used to generate the synthetic phantom
image in (b) . The red box represents a chosen ROI on the prostate gland and the blue
box represents a chosen ROI on the background region. The ROI in red box is used for
the SNR calculation. The CNR value is calculated between the red and blue ROIs.
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e Visual Assessment

The proposed CMR imaging was used to produce a NCBC MR image using the synthetic
phantom of Fig. 6.2(b). For the aim of comparison, a number of state-of-the art bias
correction methods were also used to generate bias corrected image from the synthetic
phantom of Fig. 6.2(b). The resulted compensated images using all tested methods are
shown in Fig. 6.3(c-1). The visual assessment of these images show that employing of the
MCBC, LEMS as well as the proposed CMR imaging methods was resulted in the best
level of bias field inhomogeneity correction compared to the other tested methods. This
is particularly apparent in the peripheral zone (PZ) of the prostate gland as highlighted
with the red contours in Fig. 6.3(a-i). Visual comparison of these results show that the
intensity inhomogeneities are still present to a significant degree in the produced images
using the LS, SCIC, SGD and BCFCM methods, while strong inhomogeneity correction
performance is achieved using MCBC, LEMS, and the proposed CMRI imaging.

To better present the performance of proposed CMR imaging in producing a NCBC
synthetic phantom image, the data intensity profiles corresponding to the drawn blue line
in Fig. 6.4(a) are shown in Fig. 6.4(b) for the uncorrected MR image (red color plot)
versus ground truth image (black color plot) and in Fig. 6.4(c-1) for compensated images
using different tested methods (red color plots) versus ground truth image (black color
plots). According to the plots of Fig. 6.4, the proposed CMR imaging was resulted in
an intensity profile with the most flatness and less amount of variation compared to the
intensity profiles related to the compensated images with other tested methods. These
results confirm the better performance of proposed CMR imaging in terms of jointly bias
field inhomogeneity and MR noise correction using synthetic DW-MR imaging.

e Quantitative Analysis

In order to perform a quantitative analysis of the results using synthetic phantom DW-
MR image, a number of metrics including correlation coefficient (r), signal-to-noise ratio
(SNR), as well as contrast-to-noise ratio (CNR) were used.
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(a) Ground truth (b) UC (¢) LS

(d) LEMS (e) SCIC (f) SGD

(2) BOFCM (h) MCBC (i) CMR

Figure 6.3: (a) Non-endorectal DW-MR data (ground truth). (b-i) Compensated synthetic
phantom DW-MR images using different tested methods. CMR imaging shows better bias
correction compared to the UC-phantom as well as all other tested methods. The red
contours show a region of peripheral zone (PZ) of the prostate gland that bias field present
to a significant degree in compensated images using LS, SCIC, SGD and BCFCM methods,
while strong inhomogeneity correction performance is achieved using MCBC, LEMS, as well
as CMR imaging.
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() (h) (i)

Figure 6.4: (a) Nonendorectal DW-MR image (ground truth). The data intensity profiles
corresponding to the blue line in (a) are shown in (b) for uncorrected image (red color plot)
versus the ground truth (GT) image (black color plot) and in (c-i) for the compensated
images using different methods (red color plots) versus the ground truth image (black
color plots). CMR imaging shows the most flat intensity profile with the minimal intensity
variation compared to the other tested methods.
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The correlation coefficient, r, measures the similarity of two images using the following

formulation,
ST (s — Y —
- > 23(’7] fir)(Yij — piy) (6.10)

V25 0 = 1)) (2 32, (Y — i )?)

where /1, and py correspondingly denote the mean values of the true (uncorrupted ground
truth) phantom image v as shown in Fig. 6.2(a) and compensated phantom image Y as
shown in Fig. 6.3(c-i). Higher correlation coefficient value (r = +1) means better spatial
similarity between the ground-truth image and the the compensated image.

Table 6.2: Correlation coefficient, CNR (dB) and SNR (dB) for synthetic phantom exper-
iment. Boldface indicates highest performance.

Method || Correlation Coefficient (r) || CNR (dB) || SNR (dB)
ucC 0.8291 20.26 20.15
SCIC 0.8632 20.68 20.76
SGD 0.8620 17.77 19.46
LS 0.8907 20.26 20.25
LEMS 0.8698 21.05 22.90
BCFCM 0.8521 20.32 20.25
MCBC 0.9484 22.49 23.28
CMR 0.9815 23.48 25.17

To quantitatively evaluate the performance of proposed CMR imaging in terms of noise
suppression, SNR and CNR metrics were also calculated,

SNR = 20log 2~ (6.11)
a

r

CNR = 20 log!s = | (6.12)

Ob
In the formulation of SNR, u,, denotes to the mean of a region of interest (ROI) chosen
from the homogeneous regions of prostate gland and o, is the standard deviation of that
ROL. In CNR formulation, p;, and u, respectively refer to the mean values of chosen ROIs
on the background and prostate regions while o}, represents the standard deviation of
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the background region. Better noise suppression should result in higher SNR and CNR
values.

The ROI regions that are used for the calculation of SNR and CNR values are shown in
Fig. 6.2(a). Here, the red box represents a chosen ROI on the prostate gland and the blue
box is a chosen ROI on the background region. The SNR value is calculated for the red
ROI in Fig. 6.2(a). The CNR value is calculated between the chosen red and blue ROIs
as shown in Fig. 6.2(a).

In this experiment, all calculated correlation coefficient (r), SNR and CNR values are
reported in Table 6.2 and for all tested methods. According to the quantitative results of
Table 6.2, the proposed CMR imaging achieved the highest correlation coefficient, CNR
as well as SNR values compared to the all other tested methods.

6.4.4 Experiment 2: Physical Phantom

In this experiment, a tissue equivalent ultrasound prostate training phantom from Com-
puterized Imaging Reference Systems Inc. (CIRCS Model 053) was used to evaluate the
performance of proposed CMR imaging in terms of producing a NCBC DW-MR image
with the use of physical phantom DW-MR image. To this aim, DW-MR images were ac-
quired using an MR scanner with the specifications reported in Table 6.1 and with using
an endorectal coil. A sample of physical phantom DW-MR image is shown in Fig. 6.5(a).

e Visual Assessment

The proposed CMR imaging was used to produce a NCBC DW-MR image using the phys-
ical phantom image that is shown in Fig. 6.5(a). For the aim of comparison, compensated
images were also calculated using all other tested methods that are mentioned in the pre-
vious experiment. The produced compensated physical phantom DW-MR images using
all tested methods are displayed in Fig. 6.5(b-h).

Similar to the results of the synthetic phantom experiment, it can be observed that the pro-
duced NCBC phantom image using the proposed CMR imaging, as shown in Fig. 6.5(h),
exhibits the minimal intensity inhomogeneities comparing to the uncorrected phantom
image in Fig. 6.5(a) as well as compensated images produced using all other tested
methods as shown in Fig. 6.5(b-g). The effect of intensity inhomogeneities correction is
particularly noticeable in the regions surrounding the endorectal coil. In addition, it can
be observed that the produced NCBC physical phantom image using the CMR imaging
approach also exhibit less noise when compared to the compensated images using all other
tested methods.
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Overall, the visual assessments of the results of this experiment clearly shows the bet-
ter successfulness of proposed CMR imaging for jointly compensation of DW-MR image
degradations due to the bias field inhomogeneity and MR noise. Regarding to this, the
proposed CMR imaging is shown useful for the quality enhancement of DW-MR images.

(a) UC (b) LS (c) LEMS (d) SCIC

(e) SGD (f) BCFCM (g) MCBC (h) CMR

Figure 6.5: Proposed CMR imaging shows strong bias field inhomogeneity correction com-
pared to the UC physical phantom image as well as compensated images using other tested
methods. Red, blue and green boxes represent different selected ROIs on the prostate gland.
The SNR calculation is performed for the ROI inside of the red box. The CNR value is cal-
culated between the ROIs represented by the red box and blue box. Green box represents
a selected homogeneous area of physical phantom that is used for CV calculation.

e Quantitative Analysis

In order to perform a quantitative analysis of the results in this experiment, a number of
metrics including the coefficient of variation (CV), SNR and CNR were calculated.
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The CV was calculated using the following formulation,

cv =" (6.13)
o

where, pu,., represents the mean of a chosen ROI on the homogeneous region of prostate
gland and o, denotes the standard deviation of that ROI. Better bias field inhomogeneity
correction typically should result in lower CV values (less amount of intensity variation)
in homogeneous areas, especially at regions closer to the endorectal coil.

To assess the performance of the proposed CMR imaging in terms of MR noise reduction,
SNR and CNR values were also calculated using the formulation in Eq. 6.11 and Eq. 6.12,
while better noise suppression should result in higher SNR and CNR values.

For the aim of SNR, CNR and CV calculations, several ROIs are chosen as shown on
Fig. 6.5(a). Here, the red, blue and green boxes correspondingly represent the selected
ROIs on the different areas of prostate gland. The ROI represented by the red box is
used for the aim of SNR calculation. The CNR value is calculated between the ROIs
represented by the red box and blue box. The green box represents a homogeneous area
on the physical phantom that is used for the aim of CV calculation.

Table 6.3: SNR (dB), CNR (dB), and CV values for physical phantom experiment. Bold-
face indicates highest performance (lower is better for cv).

Method || SNR (dB) || CNR (dB) Ccv
ucC 22.596 5.910 0.182
SCIC 25.131 13.961 0.108
SGD 22.133 11.183 0.123
LS 22.596 5.910 0.154
LEMS 25.158 10.717 0.085
BCFCM 23.418 8.391 0.136
MCBC 25.508 12.891 0.106
CMR 32.899 15.768 0.039

The calculated SNR, CNR, and CV values for all tested methods in the physical phantom
experiment are reported in Table 6.3. As seen using the results of Table 6.3, the proposed
CMR imaging achieved the highest SNR and CNR values, and the lowest CV value (lower
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indicates better bias correction performance), when compared to that of other tested
methods.

6.4.5 Experiment 3: Real DW-MR Data

For this experiment, DW-MR data acquisitions of seven patient cases (four with prostate
tumors and three without tumors) were obtained at b = 100s/mm? and b = 1000s/mm?,
totaling to 14 cases. DW-MR scans were collected using a 1.57° MR scanner with the
DW-MR imaging protocol according to the defined specifications in Table 6.1. All patients
underwent MRI as part of clinical indications related to detection or staging of prostate
cancer.

e Visual Assessment

Sample slices of produced compensated images using all different tested methods are
shown in Fig. 6.6(b-h) and Fig. 6.7(b-h), with images in Fig. 6.6 acquired at b-value=100
s/mm? and images in Fig. 6.7 acquired at b-value=1000 s/mm?.

From the results of both Fig. 6.6 and Fig. 6.7, it can be observed that while all tested
methods could suppress the effect of strong bias field inhomogeneity near the endorectal
coil to a certain degree, there remains noticeable residual bias field inhomogeneity in the
compensated images produced by all methods except the proposed CMR imaging. In
addition, the visual assessment of these results indicates that the proposed CMR imaging
was able to provide improved bias field inhomogeneity correction compared to the all other
tested methods for both low b-value and high b-value acquisitions, while it suppresses
MR noise at the same time. This interpretation is more evident by the improved intensity
homogeneity in the prostate region for the NCBC DW-MR image using the proposed CMR
imaging. As such, using the proposed CMR imaging could help to improve the overall
visualization of different prostate structures compared to the uncorrected DW-MR image
in Fig. 6.6(a) and Fig. 6.7(a) as the effective bias field associated with the endorectal coil
is greatly suppressed.

To see the effect of proposed CMR imaging for the aim of tumor visualization, all methods
are also tested on the generated apparent diffusion coefficient (ADC) maps for the two
patients with prostate tumor. The produced compensated images using ADC maps are
shown in Fig. 6.8(b-h) and Fig. 6.9(b-h) for a sample slice from ADC images of two
different patients with tumor. From the compensated ADC maps images in these two
figures, it can be observed that using the proposed CMR imaging improves the image
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(a) UC (b) LS (c) LEMS (d) SCIC

(e) SGD (f) BCFCM (g) MCBC (h) CMR

Figure 6.6: Case 1 with b=100 s/mm?. Proposed CMR imaging reduces the bias field and
noise in prostate DWIL.

(a) UC (b) LS (¢) LEMS (d) SCIC

(e) SGD (f) BCFCM (g) MCBC (h) CMR

Figure 6.7: Case 2 with b=1000 s/mm?. Proposed CMR imaging reduces the bias field
and noise in prostate DWI.
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contrast such that facilitates the distinguishing of tumor region from normal tissues. This
is helpful for the aim of tumor localization by radiologist or using automatic softwares
that are exist for the aim of tumor detection.

(a) UC (b) LS (c) LEMS (d) SCIC

(e) SGD (f) BCFCM (g) MCBC (h) CMR

Figure 6.8: ADC images for a patient with tumor produced using different tested methods.
The tumor location is marked using red contour in (a). Proposed CMR imaging reduces the
bias field and noise in prostate DWI such that provides better representation of prostate
tumor.
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(a) UC (b) LS (c) LEMS (d) SCIC

(e) SGD (f) BCFCM (g) MCBC (h) CMR

Figure 6.9: ADC images for a patient with tumor produced using different tested methods.
The tumor location is marked using red contour in (a). Proposed CMR imaging reduces the
bias field and noise in prostate DWI such that provides better representation of prostate
tumor.

98



e Quantitative Analysis

In order to quantitatively evaluate the performance of proposed CMR imaging for the
case of patient DW-MR imaging, the Fisher Criterion (FC) analysis was performed on all
real patient DW-MR data, and using the following formulation,

2
’Mb - ,UJps|

Jro = 6.14
re o + o2, ( )

where Jpc is the FC value, 1, and p,s are the mean of background and prostate classes
and o, and 0,5 refer to the variance of background and prostate classes. FC is a valuable
metric that is useful for evaluating the power of proposed CMR imaging in improving
the delineation of prostate gland and surrounding tissue in compensated DW-MR patient
images. Higher FC values means better separation between the prostate gland and sur-
rounding tissue which leads to the easier and more accurate prostate segmentation and
tumor localization.

Another metric that is useful for evaluating the performance of proposed CMR imaging
in better delineation of prostate gland and surrounding tissue is the probability of error,

Ple) = / min [P(Cyulm), P(Colm)] P(m)dm, (6.15)

which can be calculated by learning a Bayes classifier [125] such that it classifies the DW-
MR image, M, to the prostate (C,,) and background (G;) classes and by assuming a normal
distribution for each class of prostate and background. Here, m denotes to the DW-MR
data at each pixel. The classifier parameters were learned within a Maximum Likelihood
framework. Lower probability of error indicates less overlap between the distribution of
prostate and background classes which results in better delineation of prostate gland from
surrounding tissue in produced compensated image.

In Addition, to assess the effectiveness of proposed CMR imaging in noise reduction,
SNR (Eq. 6.11) and CNR (Eq. 6.12) values were also calculated for all patient cases. To
determine the statistical significance of the results, p-value analysis was also performed
for all probability of error, FC, SNR and CNR metrics.

1. SNR and CNR Analysis

The calculated SNR values for all tested methods and for both b-value acquisitions in
the real DW-MR data experiment are reported in Table 6.4. As seen in Table 6.4, the
proposed CMR imaging achieved the highest SNR values for all acquisitions except one
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Table 6.4: SNR (dB) values for real DW-MR data experiment. Boldface indicates highest
performance.

Case UC SCIC SGD LS LEMS BCFCM MCBC CMR

1 147 170 19.3 153 16.0 13.6 21.0  22.0
2 167 171 16.6 16.6 18.2 15.4 175 21.1
3 162 177 149 16.8 18.8 13.8 206  21.8
4 163 165 159 164 16.6 15.4 176  17.8
5 11.7 12.0 123 12.0 12.1 9.9 14.1 17.6
6 89 87 83 87 93 5.0 11.1 13.6
7 13.6 16.7 18.0 14.2 16.1 12.5 19.8  20.8
§ 11.1 141 13.7 11.6 151 10.2 169 17.9
9 124 141 134 124 153 11.0 170  19.9
10 17.1 186 189 17.5 20.3 15.5 219 213
11 125 144 129 129 158 6.9 16.3  18.7
12 76 80 78 7.7 82 3.8 9.8 13.8
13 151 194 159 15.1 20.8 11.1 19.1  25.8
14 134 150 152 13.7 15.3 8.5 184  19.0

Ave. 134 15.0 145 13.6 156 10.9 172 19.4

case and when compared to that of other tested methods, with an average improvement
of 6dB over the uncorrected DW-MR data.

Likewise, the calculated CNR values for all tested methods and for both b-value acqui-
sitions in the real DW-MR data experiment are reported in Table 6.5. As seen from the
results of Table 6.5, the proposed CMR imaging also achieved the highest CNR values in
most cases when compared to that of other tested methods, with an average improvement
of 5.1dB. over the uncorrected DW-MR data.

To analyze the statistical significance of the SNR and CNR values, p-values were calcu-
lated and reported in Table 6.7. In the p-value analysis, the null assumption was that a
given compensation method had no improvement over the SNR or CNR values as com-
pared to the uncorrected DW-MR data. All p-values are computed using a two-tailed
normal distribution with a statistical significance level of 0.05.
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Table 6.5: CNR (dB) values for real DW-MR data experiment. Boldface indicates highest
performance.

Case UC SCIC LS LEMS SGD BCFCM MCBC CMR

1 115 125 131 11.8 11.2 11.0 15.0 15.8
2 121 123 121 122 109 11.9 125 17.3
3 158 169 11.1 16.1 4.5 15.3 185 20.7
4 21.0 216 21.1 214 212 21.1 212 24.3
5 11.7 13.2 115 11.9 5.0 11.3 141  20.6
6 13.0 134 11.7 13.1 126 11.5 11.8  16.1
7 132 139 149 134 129 12.6 175 17.9
§ 17.2 21.0 19.7 176 16.7 17.9 18.3 18.2
9 159 189 169 159 199 16.5 16.0  24.7
10 23.5 253 248 236 269 22.8 26.1 244
11 14.0 16.1 13.3 144 172 10.4 170  19.9
12 121 125 11.6 121 122 10.4 145  23.8
13 122 13.2 120 124 13.0 9.2 153  16.7

14 157 173 176 158 16.8 13.0 19.1 19.3
Ave. 149 16.3 15.1 151 144 13.9 16.9  20.0

The p-values for the SNR analysis demonstrate the statistical significance of all methods
in SNR improvement, with the lowest p-value obtained for the proposed CMR imaging.
Furthermore, the calculated p-values based on the CNR analysis shows that the proposed
CMR imaging had the lowest p-value among all tested methods and is demonstrated to
be statistically significant. The CNR p-value results also show the statistical significance
of all tested methods except SGD and LS methods which resulted in p-values more than
0.05.

To evaluate the effectiveness of proposed CMR imaging in terms of improving the vi-
sualization of prostate tumor, CNR values between the tumor and normal tissue is also
calculated using ADC map images for the 2 patients with prostate tumor. Calculated
CNR values are reported in Table 6.6 when the proposed CMR imaging achieved the
highest CNR values for both patient cases and compared to that of other tested methods
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as well as UC image.

Table 6.6: CNR (dB) between tumor and normal tissue calculated using ADC images.
Boldface indicates highest performance.

Case UC SCIC LS LEMS SGD BCFCM MCBC CMR
1 225 182 21.8 128 22.7 20.1 18.2  24.8
2 196 222 196 104 187 22.0 19.2 27.3

Table 6.7: Calculated p-values for the probability of error, SNR, CNR, and FC analysis
using different tested methods.

P-Value || Probability of Error SNR CNR FC
SCIC 8.81E — 013 5.07E — 04 || 2.48E — 04 || 1.6E — 02
SGD 1.3E — 07 1.76E — 04 || 6.10E — 01 || 1.45E — 01

LS 4.90E — 14 3.1E —-02 || 7.17TE — 01 || 2.18E — 02
LEMS 2.95E — 010 5.12E — 03 || 1.15E — 04 || 8.56E — 03

BCFCM 4.1E — 017 2.18E — 06 || 5.04E — 04 || 4.36E — 04

MCBC 1.77E — 012 7.3E — 05 || 1.43E — 02 || 4.2E — 02
CMR 6.15E — 019 7.85E — 08/3.02E — 05|/1.41E — 04

2. Fisher Criterion

To assess the performance of proposed CMR imaging in terms of achieving separability
of the prostate gland from the surrounding tissue, FC analysis (Eq. 6.14) was performed
on all 14 acquisitions and for all different tested methods. The FC results are reported
in Table 6.8 showed that the proposed CMR imaging achieved the highest overall FC
results for the most cases, followed by MCBC and SCIC. All other tested methods except
BCFCM also demonstrated improvements in FC when compared to the uncorrected DW-
MR data, but to a much lesser degree than the proposed CMR imaging. The p-value
analysis was also performed to evaluate the statistical significance of acquired FC values.
The calculated p-values are reported in Table 6.7, with the smallest p-value achieved
using the proposed CMR imaging.
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Table 6.8: Fisher criterion (FC) values for real DW-MR data experiment. Boldface indi-
cates highest performance.

Case UC SCIC SGD LS LEMS BCFCM MCBC CMR

1 094 129 1.68 1.00 0.66 0.98 425 7.86
2 108 1.23 095 1.10 0.94 0.79 1.03 1.05
3 072 1.27 0.66 0.83 1.48 0.71 3.55  5.31
4 229 780 4.18 2.76 3.22 2.20 8.36 10.76
5 163 1.89 2.02 1.77 1.87 1.37 255  3.89
6 1.74 446 159 221 2.36 1.62 3.5 7.35
7 081 107 132 0.8 0.91 0.78 2.74  5.59
§ 1.02 1.64 161 1.10 1.56 1.02 .71 3.77
9 081 I1.11 1.00 0.81 2.11 0.88 1.50  3.29
10 5.65 8.06 847 5.65 12.20 2.90 6.64 16.39
11 1.80 2.89 201 196 4.42 0.92 6.49  9.87
12 1.00 1.14 1.05 1.02 1.16 0.55 5.37 248
13 1.02 1.29 1.13 1.08 0.99 0.50 4.65  3.82

14 253 345 3.56 2.67 041 1.14 3.13  4.02
Ave. 1.64 2.76 223 1.77 245 1.38 3.96 6.10

3. Probability of Error

A Bayes classifier was trained to classify all datasets to prostate and background classes,
and the probability of error classification was calculated and reported in Table 6.9. Ac-
cording to the probability of error results, the proposed CMR imaging results in the best
separation between the prostate gland from surrounding tissue as the calculated prob-
ability of error was considerably lower compared to the other tested methods. These
results also demonstrate that the MCBC and SCIC methods were the next two success-
ful methods in terms of prostate classification, while the other tested approaches except
BCFCM could also decrease the probability of error classification but to a much lesser
extent. In general, these results agree well with the conclusions drawn from the FC
analysis.
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Table 6.9: Probability of error for real DW-MR data experiment. Boldface indicates highest
performance.

Case UC SCIC SGD LS LEMS BCFCM MCBC CMR
0.090 0.049 0.065 0.079 0.065 0.146 0.024 0.011

—_

2 0.089 0.049 0.066 0.079 0.066 0.146 0.025 0.011
3 0.103 0.058 0.072 0.090 0.071 0.140 0.031 0.013
4 0.089 0.048 0.063 0.077 0.063 0.141 0.025 0.012
5 0.092 0.053 0.069 0.083 0.067 0.148 0.027  0.012
6 0.099 0.057 0.076 0.087 0.072 0.157 0.029 0.013
7 0.091 0.052 0.070 0.080 0.072 0.149 0.027  0.012
8 0.093 0.039 0.071 0.086 0.043 0.164 0.020  0.009
9 0.093 0.038 0.071 0.086 0.043 0.156 0.019 0.007
10 0.092 0.040 0.067 0.084 0.041 0.147 0.019 0.010
11 0.093 0.041 0.068 0.087 0.042 0.158 0.020 0.010
12 0.096 0.042 0.073 0.088 0.043 0.157 0.020 0.010
13 0.093 0.044 0.072 0.085 0.040 0.162 0.020 0.011
14 0.097 0.045 0.075 0.088 0.044 0.168 0.022 0.010

Ave. 0.094 0.047 0.070 0.084 0.055 0.153 0.023 0.011

4. Computational Performance Analysis

All tested methods were implemented using MATLAB and C++ code and tested on an
AMD Athlon II X3 3.10 GHz machine with 12GB of RAM. The computation time of
each method was calculated and reported in Table 6.10. As the timing process results
show, the SCIC method had the lowest average computation time of 0.142 seconds, with
the LEMS method having the highest average computation time of 76.448 seconds. The
proposed CMR imaging, where one should note that the underlying implementation has
not been optimized, has an average computation time of 14.424 seconds.
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Table 6.10: Computation times for all tested methods.

Case SCIC SGD LS LEMS BCFCM MCBC CMR
1 0.123 1.023 11.640 75.261  56.171 4.231 14.651
2 0.156 1.058 10.230 72.112  50.231 3.6561 14.681
3 0114 1.121 11.030 74.112  53.987 2311  15.312
4 0.132 1.103 10.280 70.123  50.123 4.711  14.985
5 0.113 1.210 11.220 80.123  60.101 4231 15.231
6 0.145 1.350 11.050 82.123 55411 4.511 14.007
7 0.192 1.010 10.390 79.235  53.112 4.326  13.987
8§ 0.125 1.192 12350 78.123  52.114 4.789  14.055
9 0.112 1.230 11.087 52.311  45.321 3.965  13.256
10  0.113 1.021 10.982 85.123  51.111 5.311  14.521
11 0.156 1.052 11.140 89.156  50.123 4.120  14.008
12 0.204 1.032 11.380 69.235  52.123 4.155 13.251
13 0.182 1.024 12.010 93.112  57.564 4.369 15.011
14 0.127 1.056 10.235 70.120  60.231 4.659 14.978

Ave. 0.142 1.106 11.073 76.448  53.409 4.239 14.424
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6.4.6 Second Study: Full Compensated Magnetic Resonance Imag-
ing

In this part, the aim is to present the results of the proposed CMR imaging framework
for jointly compensating for the effect of (1) MR aberrations due to intrinsic properties of
MR scanner, (2) bias field inhomogeneity, as well as (3) inherent MR noise within a unified
computational framework.

In order to perform CMR imaging in this experiment, the intrinsic properties of the
utilized MR scanner (MR PSF) should be characterized. To this aim, a calibration pro-
cedure [128] was performed on a standard prostate training phantom (CIRCS Model 053)
that is shown in Fig. 6.10(a). The calibration procedure takes advantage of some prior
knowledge on the phantom (e.g., edges and homogeneous regions) and leverage that to
learn the intrinsic properties of the MR scanner. With incorporating of the learned MR
PSF to the modeling of MR compensation function, C, the proposed CMR imaging was
performed to calculate compensated MR images using different MR modalities.

(a) UC (b) BDC (c) CMR

Figure 6.10: CMR imaging results using training MR phantom. (a) A slice of uncor-
rected (UC) prostate training phantom from Computerized Imaging Reference Systems
Inc. Compensated MR phantom images using (b) BDC method, (¢) CMR imaging,.

To test the efficacy of proposed CMR imaging in producing compensated images with
less aberrations, bias field inhomogeneity and noise, several experiments were performed
using: (1) MR images acquired from a prostate training phantom (CIRCSMODEL 053),
(2) T2 weighted (T2w) MR images of prostate gland, and (3) DW-MR images of prostate
gland. All Human MR imaging was performed using a 1.5 T MR scanner at Sunnybrook
Health Sciences Center Toronto, Canada and according to the institutional research ethics
board while all imaging parameters were set according to the information of Table 6.11.
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Table 6.11: Imaging parameters for T2w and DW-MR imaging.

Modality || DFOV (em?) || Resolution (mm?) || TE (ms) || TR (ms)
T2W 22 x 22 0.49 x 0.49 x 3 110 4,687
DWI 20 x 20 1.56 x 1.56 x 3 61 6,178

e Qualitative Analysis

In the first experiment, the proposed CMR Imaging was utilized to generate a compen-
sated MR image using a standard MR prostate phantom as shown in Fig. 6.10(a) while
the compensated phantom image produced using the proposed CMR imaging is shown
in Fig. 6.10(c). For aim of comparison, compensated phantom image using the con-
ventional blind deconvolution compensation (BDC) method [27] is also calculated as the
state-of-the-art and shown in Fig. 6.10(b).

Visual comparison of these results shows less bias intensity variation for the compensated
phantom image generated by the proposed CMR Imaging and compared to the both
uncorrected (UC) phantom image as well as compensated phantom image using tested
BDC method. This visual assessment demonstrate the successfulness of the proposed
CMR Imaging for the bias field inhomogeneity correction. Furthermore, employing the
proposed CMR imaging could improve the sharpness of the phantom image compared to
the tested BDC method and due to the effective compensation of MR aberrations that
blur the MR image. In addition, this result shows the effectiveness of the proposed CMR
Imaging for MR noise suppression such that the homogeneous regions of the MR phantom
image are shown smoother in compensated phantom image produced with proposed CMR
imaging while the noise is amplified in the compensated image produced using the tested

BDC method.

In the second and third experiments, the proposed CMR imaging and BDC method were
used to generate compensated MR images from different samples of DW-MR prostate
images as well as samples of T2w prostate images. The produced compensated MR
images using each method are respectively shown in Fig. 6.11 and Fig. 6.12 for two
different sample slices of DW-MR images and T2w MR images.

As the results of Fig. 6.11(c,i) and Fig. 6.12(c,i) show, bias field inhomogeneities re-
duced in compensated MR images of both modalities such that the delineation between
prostate gland and surrounding tissue improved. To better visualize the bias correction
results, highly bias inhomogeneity affected areas of each image were chosen as marked
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(a) UC (b) BDC (c) CMR

(d) UC (e) BDC (f) CMR
(g) UC (h) BDC (i) CMR
(j) uc (k) BDC (1) CMR

Figure 6.11: DW-MR slices of prostate gland (a,g). Compensated DW-MR images using
(b,h) BDC method and (c,i) proposed CMR imaging. (d-f) and (j-1) are zoomed regions
marked with white boxes on uncorrected (UC) DW-MR images of (a) and (g).
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(a) UC (b) BDC (c) CMR

(d) UC (e) BDC (f) CMR
(g) UC (h) BDC (i) CMR
(j) uc (k) BDC (1) CMR

Figure 6.12: CMR imaging results using T2w-MR images.T2w-MR slices of prostate gland
(a,g). Compensated T2w using (b,h) BDC method and (c,i) proposed CMR imaging. (d-
f) and (j-1) are zoomed regions marked with white boxes on uncorrected (UC) T2w-MR
images of (a) and (g).
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with the white boxes in Fig. 6.11(a,g) and Fig. 6.12(a,g) and correspondingly displayed
in Fig. 6.11(d-f, j-1) and Fig. 6.12(d-f, j-1). As can be seen from the displayed zoomed in
regions, compensated MR images using proposed CMR imaging show much less bias inho-
mogeneities compared to the both uncorrected MR images and compensated MR images
using tested BDC method such that provide a more uniform intensity variations for the
homogeneous regions of prostate tissue. These results demonstrate the better performance
of proposed CMR imaging in terms of bias inhomogeneities correction.

Here, again, comparing of the compensated images produced using BDC method as shown
in Fig. 6.11(b,h) and Fig. 6.12(b,h) to the produced compensated images using proposed
CMR imaging as shown in Fig. 6.11(c,i) and Fig. 6.12(c,i) clearly demonstrates the
better performance of the proposed CMR imaging in terms of jointly correcting for the
aberrations due to the bias field inhomogeneity as well as aberrations due to the effect of
MR scanner such that the overall image contrast is increased. Due to this, all compensated
MR images using proposed CMR imaging look sharper compared to the corresponding
uncorrected MR images of Fig. 6.11(a,g) and Fig. 6.12(a,g) and hence, provide a better
visualization of different details and structures of the tissue.

To provide a better qualitative evaluation of the results, a highly structured region of
prostate tissue was chosen from each DW-MR and T2w-MR images as marked with white
boxes on uncorrected (UC) images in Fig. 6.11(a,g) and Fig. 6.12(a,g). The zoomed-in
version of these chosen areas are shown in Fig. 6.11(d-f, j-1) and Fig. 6.12(d-f, j-1). Con-
sidering these zoomed-in regions show the overall better performance of proposed CMR
imaging in terms of jointly aberration correction and noise suppression using different MR
imaging modalities. Due to this, compensated images generated using the proposed CMR
imaging show a better image contrast and less noise such that the different details and
fine structures of the prostate tissue can be better represented and visualized using these
images.

Quantitative Analysis

In order to quantitatively evaluate the efficacy of proposed CMR imaging for producing
compensated MR images using different MR image modalities, various metrics including
SNR (Eq. 6.11), CNR (Eq. 6.12) as well as CV (Eq. 6.13) were used. Sample of chosen
ROIs for calculating of each SNR, CNR and CV values are shown in all Fig. 6.10(a), Fig.
6.11(a) and Fig. 6.12(a) and with the red, blue and green boxes. Here, the ROI inside
the red box was used for the aim of SNR calculation, CNR was calculated between the
ROIs in red and blue boxes and CV was calculated suing the ROI inside the green box.
To perform the quantitative analysis on the results of each image modality, 14 different
slices from different patients were used to generate compensated MR images using both
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BDC method and CMR imaging and the results were used to calculate the SNR, CNR
and CV metrics. The average values for all calculated SNR, CNR and CV metrics are
reported in Table 6.12.

Table 6.12: SNR (dB), CNR (dB) and CV for uncorrected MR images and compensated
MR images using tested BDC method and proposed CMR imaging.

SNR (dB) CNR (dB) CV

Baseline Phantom 23.29 13.48 0.06
BDC Phantom 19.48 10.05 0.1
CMR Phantom 29.07 18.93 0.03
DWI 21.24 13.91 0.08

BDC DWI 15.48 15.17 0.16
CMR DWI 25.92 25.91 0.05
T2W 13.09 7.32 0.22

BDC T2w 12.33 9.14 0.24
CMR T2w 18.70 13.77 0.11

In overall, the quantitative results of Table. 6.12 shows better SNR and CNR values for
the computed CMR images using proposed CMR imaging and for all three performed
experiments using the phantom MR images, DW-MR images as well as T2w-MR images.
An average SNR improvement of ~ 6dB was obtained for all three performed experiments
and compared to the uncorrected MR images. Based on the reported SNR values in Table
6.12, using of tested BDC method was resulted in a SNR reduction compared to the
uncorrected MR images in all three performed experiments which shows the weakness of
the BDC method in terms of MR noise suppression.

The quantitative results of Table 6.12 also demonstrate that the proposed CMR imaging
was resulted in an average CNR improvement of ~ 8dB for all three performed experi-
ments and compared to the uncorrected MR images while the tested BDC method could
also increase the CNR values for both experiments using DW-MR images and T2w-MR
images and compared to the uncorrected MR images but to a much lesser extent.

Furthermore, the results of CV calculations also confirm the successfulness of proposed
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CMR imaging in terms of noise reduction such that on average, CV reduced about ~ 0.07
for the compensated images produced using the proposed CMR imaging while the CV
values were increased for all compensated MR images produced using the tested BDC
method.

6.5 Summary

A novel compensated magnetic resonance (CMR) imaging is developed to generate com-
pensated MR images with higher overall quality. The developed CMR imaging was set to
jointly correct for the different MR imaging degradation factors including MR aberrations
due to the intrinsic properties of the utilized MR scanner or the one which are caused by
the bias field inhomogeneity plus MR noise and using a unified computational framework.
Evaluation of the proposed CMR imaging using different MR imaging modalities in various
experiments proved that the proposed CMR imaging is a useful computational approach
for the quality enhancement of MR imaging. The proposed CMR imaging can be modified
in the future works to incorporate for the other types of MR degradations and to more
improve the quality of MR imaging within a purely computational image compensation
framework. This could be helpful for the quality enhancement of MR imaging that is re-
quired for the better interpretation and diagnosis of MR images by both radiologists and
automatic MR processing softwares.
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Chapter 7

Conclusions

This thesis dissertation proposes a novel and unified computational framework for compen-
sated medical imaging intended to enhance the overall quality of medical images acquired
with different imaging modalities such as MRI and OCT that is desired for many of clin-
ical applications. The proposed computational compensated medical imaging framework
provides a general probabilistic model that can be applied to different types of medical
imaging techniques to correct for a variety of different degradation issues which are un-
avoidable in imaging of an issue/organ. Incorporation of the new proposed SFC-CRF
model to the formulation of proposed compensated imaging framework makes it possible
to include different sort of structural information about the tissue/organ to the framework
of compensated imaging. This improves the performance of the proposed computational
compensated imaging framework in producing of a true compensated image. A summary
of the main thesis contributions is provided as follows along with a future research direction
for the proposed work.

7.1 Summary of Thesis Contributions

e In Chapter 3, a novel and general computational cross-domain compensated medical
imaging framework is proposed that can be used for producing of a compensated
medical image by jointly correcting for multiple different acquisition/reconstruction
degradation issues that always arise in using of various types of medical imaging.

e In chapter 4, the proposed probabilistic cross-domain compensated medical imaging
framework is used to develop a C-OCT imaging framework which is shown useful for
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the quality enhancement of OCT imaging. The developed C-OCT imaging jointly
compensates for the effects of optical aberrations and speckle noise issues in OCT
imaging and hence generates OCT images with better overall contrast. The developed
C-OCT imaging can be used with different types of OCT configurations such as FD-
OCT and SS-OCT.

e In chapter 5, a C-SR-OCT imaging framework is developed with the use of proba-
bilistic computational cross-domain compensated medical imaging framework that is
proposed in Chapter 3. The designed C-SR-OCT imaging takes advantage of mul-
tiple OCT acquisitions to produce a SR-OCT image of higher quality within the
framework of proposed cross-domain compensated medical imaging. To this aim,
the developed C-SR-OCT imaging jointly corrects for the optical aberration issue,
motion artifact and speckle noise which all together destroy the quality of acquired
OCT images. The performance of the developed C-SR-OCT imaging is tested using
different real and simulated OCT data and is generally shown useful for the quality
enhancement of OCT imaging.

e In Chapter 6, a CMR imaging is designed within the framework of proposed compu-
tational cross-domain compensated medical imaging that is proposed in Chapter 3.
The designed CMR, imaging jointly compensate for MR image degradations due to
the noise, MR aberrations and bias field inhomogeneities as all accounted in a uni-
fied computational compensation framework. The developed CMR imaging is shown
useful for improving the overall quality of MR imaging form different MR modalities.

7.2 Future Research

The proposed computational compensated imaging framework in this dissertation provides
a foundation for the future research in compensated medical imaging. This work motivates
future research in the following directions.

1. All different types of medical imaging techniques suffer from a degradation due to
the effect of imaging system itself which partly originates from the effect of system
characteristic function. In this work, we only focused on the OCT and MR imag-
ing techniques to perform the system characteristic function compensation using the
proposed compensation framework. The computational compensated imaging frame-
work that is proposed in this work provides a general model that can be used for the
aim compensating for the effect of system characteristic function in different types of
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medical imaging techniques. One general future direction of this work is to apply the
proposed compensation framework to the other types of medical imaging techniques
such as ultrasound, positron emission tomography and microscopy imaging and for
the aim of compensating for the degradations due to the effect of imaging system
characteristic function.

2. The computational compensated imaging framework that is proposed in this work is
designed in a Bayesian type reconstruction framework which takes advantage of SFC-
CRF modeling to find the best estimate of a desired compensated image. Therefore,
the overall performance of the proposed compensation framework highly depends on
the designing of both unary and potential functions that are incorporated in the MAP
framework. One important future direction of this work is to work on designing of
new types of unary and pairwise potential functions that can account for different
types of degradation issues in various types of medical imaging systems. Particularly,
this stream of research can be expanded as two parts,

e The unary potential function (data fidelity term) of the proposed compensated
imaging framework can be modified to account for other types of image degrada-
tions that may happen with the use of various types of medical imaging systems.
For example, in OCT imaging, the dispersion compensation can be incorporated
to the C-OCT imaging framework by designing a proper unary function.

e In the proposed compensated imaging framework, the incorporated pairwise
potential function takes advantage of a fully-connected clique structure to model
the data observation and inference interactions. The pairwise potential function
can be expanded by taking advantage of other stochastic clique structures such
as hierarchical clique structures and deep fully connected clique structures that
can be useful for improving the performance of the whole compensation model
in dealing with other types of possible degradation issues in different medical
imaging techniques. Furthermore, other types of pairwise potential functions
can be designed to improve the functionality of compensated medical imaging
framework in handling of different types of reconstruction image degradations.
For example, in MR imaging the pairwise potential function can be designed to
compensate for the Gibss artifact that happens due to the insufficient k-space
sampling in MR imaging.

3. As another direction for the future work, the developed super resolution based com-
pensation model that takes advantage of the proposed probabilistic compensated

115



imaging framework can be used as an efficient compounding method for the qual-
ity enhancement of various types of medical imaging such as MRI and microscopy.
Using of such a SR medical image compensation framework can be particularly ben-
eficial for the aim of motion artifact compensation which is one major problem in
working with different medical imaging techniques. Taking advantage of such a su-
per resolution based compensation model can be a proper foundation for developing
of spatial-temporal computational compensation methods which is useful for jointly
correction of spatio/temporal degradation issues that may experienced in working
with different types of medical imaging techniques.
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