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Abstract

Background: The kidneys are an important part of the body and an absence of the functions
a kidney provide is be lifethretening. To be able to provide correct treatment, data needs
to be collected. A safe and efficient way of collecting this data is the use of MRI which can
be used to asses both function, structure and pathopysiological changes. But to be able to
access this data, images need to be collected over different time instances. This results in
a issue: the movement of the kidneys due to breathing and heartbeats introduced during
this time period of scanning complicates the analysis of the data. To compensate for these
motions, image registration can be used. This is the process of aligning the images so that
they have a pixel to pixel correspondance.

Aim: The purpose of this study was to assist in the search for an automated registration
method that can compensate for motions in kidney MRI images.

Method: The method used in this project is literature study and performance study. The
literature study was used to get a broad understanding of the topic and to gather information
about promising techniques. These techniques were then implemented in the performance
study. The main parts investigated was: i) the registration process, ii) choice of transform,
iii) choice of similarity measure.

Results and conclusion: Kidney registration is a complex task including many possible
combinations of settings. Mutual information (MI) outperformed Cross-correlation (CC) as
a similarity measure. When it comes to different combinations of registration processes and
transformation models, the result does not show a clear optimal combination. Thus, this
study urges the complexity of selecting registration settings and there are many areas where
further research is needed.

Key words: “Registration”, “Segmentation”, “Kidneys”, “MRI”, “Imaging”, “Mu-
tual Information”, “Groupwise registration”
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1 Introduction

The kidneys play an essential role in the function of the body. The primary purpose is to filter
the blood to remove waste and water but also to maintain a balance of salts and minerals.
The filtered excesses are either reabsorbed by the blood or excreted from the body with the
urine. Consequently, the absence of these functions leads to life-threatening conditions [2].
Kidney disease is a global problem where one out of ten people worldwide suffer from chronic
kidney disease (CKD) [3]. The causes of CDK are several, and treatments for prevention and
control of the disease are essential.

MR imaging biomarkers have great potential in the clinical constellation of CKD. This
method allows assessment of the renal structure, function, and pathophysiological changes,
making MRI a good substitute for biopsy. There are benefits in avoiding invasive measure-
ment methods since they can imply complications due to the great amount of blood flowing
through the kidneys. Therefore, MRI is not only offering accurate diagnostic and prognostic
tools but also a safer alternative [4].

In conventional MRI, a qualitative MR image is acquired by using specific values of the imag-
ing parameters, for example, time of repetition, flip angle and echo time [5]. The intensities
in the resulting image depend on these parameter values and may vary between MRI scan-
ners and instants. As a result, the pixel values can not be compared between different data
sets [6]. In contrast to qualitative MRI, quantitative MRI is a method aiming to provide
measures in physical units. This method requires multiple images acquired at different time
instances during one scanning [5]. This process results in images independent of operator-
specific imaging parameters so that they can be compared between scans and different data
sets [5]. Another feature of quantitative MRI is the extra tissue characterisation information
that is provided with the technique [5]. In this project, the data used is quantitative MR
images.

When capturing images of the kidneys over time, it takes up to a few minutes resulting in
several images with different information and contrast [7]. During the imaging acquisition,
movement of the body caused by, for example, breathing or the heart pulse leads to displace-
ment and distortion of the kidneys between the images [8]. These movements in addition
with the different contrasts between images hinder the analysis of the kidneys. For example,
to quantify the MR images, the movements need to be compensated for, and the kidneys in
the images need almost a pixel-to-pixel correspondence [8].

Examples of images acquired with different imaging parameters are modified look locker
inversion recovery (MOLLI) and diffusion weighted imaging (DWI) images. MOLLI images
are acquired with respect to the subjects heartbeats [9]. The result is images with less
motion caused by the cardiac pulse [9]. Multiple MOLLI images can be acquired during one
scanning, resulting in images with different inversion times [10]. On the other hand, DWI
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images show information about the diffusion of water in cells and add a functional view to
the MRI images [11]. The DWI images are attenuated with different b-values. The b-value
is a factor dependent on the magnitude, duration and time interval of the gradients used
for the MRI [12]. For example, a more substantial diffusion effect is represented by a higher
b-value [12].

Regardless of the method to acquire MR images of kidneys, the miss-alignment is still a
problem that needs to be solved for a more effective analysis. Image registration is a way
of compensating for the movements induced during imaging by aligning the images taken
at different time instances [7]. Today, registration of medical images is mainly achieved
manually, which is an expensive and time-consuming process done by experts. With this
project, the goal is to investigate methods for automated registration of kidneys in MR
images.

1.1 Aim

The project aims to assist in the search for an automated registration method that can
compensate for motions in kidney MR images. The work first focuses on literature and
previous studies to identify promising intensity-based registration methods. Then, the focus
is on implementing selected methods to evaluate and compare their performance on the data
used in this project. Key questions that the thesis attempts to answer include:

• What are the current promising registration techniques used for kidney MR images?

• What element within the registration process will be prioritised to investigate?

• How does different options affect intra-modality registration of MOLLI and DWI images
individually, as well as inter-modality registration of MOLLI and DWI images together?

The project is in collaboration with Antaros Medical and is intended to assist in their process
of finding an automated method that eventually can be used for clinical studies of MR images
of kidneys.

1.2 Scope

There are several things limiting the project. The images used in this study are Modified
look-locker inversion recovery (MOLLI) and Diffusion-weighted imaging (DWI). The images
are in 2D and the project is restricted to only look at one slice from the axial plane at a time.
Furthermore, the datasets contains more MOLLI slices than DWI. The datasets of MRI
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images are provided by Antaros Medical and not collected during the project. Therefore,
the thesis does not regard the imaging acquisition, and no time is spent on improvements
in reducing motions in this field. The project only investigate intensity based registration
methods and do not consider feature based ones. All implementation is conducted using the
image registration toolbox Elastix. Lastly, machine learning methods are not considered,
and a time frame limits the project from January 2022 to June 2022.

2 Background of Image Registration

Image registration is a technique frequently used in medical image processing to find a spatial
relationship between images and to align them. A flow chart of the image registration process
can be seen in Figure 1. The underlying idea is to map an image IM , here called the
moving image, to a fixed image, IF . Registration is an iterative process where IM is initially
transformed, resulting in IM ′ . Then, a similarity metric measures how well IM ′ aligns with the
fixed image IF . Lastly, the transformation parameters are updated and reapplied to IM and
the same process is carried out until a set of optimal parameters is found. It can be assumed
that for the fist iteration, IM is transformed by a identity transformation. In conclusion, the
goal of the registration is to find the transformation that maximises the similarities between
the fixed and the moving image, alternatively minimising their dissimilarities. This process
is illustrated in 1.

Another part of image registration is how to determine the quality of the registration methods
and specific parameters. Due to a lack of ground truth images to compare the registered image
to, this is challenging. One solution to this is using manually segmented images, created by
experts. The segmentation of the fixed image IF is then used as the gold standard to which
the other transformed mask is compared against.

The image registration process is dependent on the specific application, rather than a uni-
versal method, since the diversity of images to register is so broad. [13]. Even in the area
of medical images there are several decisions to make depending on the modality (MRI, CT,
etc.), organ (kidney, brain, etc.) and dimensions (2D, 3D). The different parts of image
registration in focus for this study can be seen in Figure 1 and in the following sections the
choice for each of the parts are described.
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Figure 1: A flow chart of the optimisation process of image registration, with the steps in
focus for this study. The goal is to align the moving image, IM , to the fixed image, IF . First,
IM is transformed, resulting in IM ′ , which is then compared with IF by a similarity metric.
The transformation model is updated accordingly and reapplied to IM , and the same process
is carried out. It can be assumed that for the first iteration, the transform is a identity
matrix.

2.1 Geometric transformation models

The choice of a transformation model in image registration is essential, as the model needs to
represent the geometric differences between IM and IF [7]. These differences are introduced by
movements during scanning [7]. For instance, structures like bone often undergo translation
and rotation during image acquisition and can therefore be represented by a rigid model [14].
At the same time, more deformable organs might also experience shearing, scaling, or other
deformations between images. Images of such organs require other transformation models,
for instance, non-rigid ones [14]. Each transformation model contains a set of parameters
depending on the specific model. Therefore, after deciding on a proper transformation model
to use, a search for the specific model parameters that best align IM and IF starts. Example
of parameters to determine are angle or translations between the moving and the fixed image.

The transformation models are in this paper divided into rigid and non-rigid transforms.
The difference between the models is the degrees of freedom, which specify the deformations
that can be recovered [15]. The following sections describe a rigid transformation, followed
by three non-rigid ones: Similarity, Affine, and B-spline transform.
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2.1.1 Rigid Transformation model

A common transformation model is a rigid transformation. This model is most often used
for the registration of rigid structures [14]. Such a transformation model allows for rotation
and translation, corresponding to three degrees of freedom in a two-dimensional image [15].
Seen in Figure 2 is an example of a rigidly transformed image. Recall that, mathematically
the expression for a rigid transform is

(
x̃
ỹ

)
=

(
cosφ −sinφ
sinφ cosφ

)(
x
y

)
+

(
tx
ty

)
. (1)

where x and y are coordinates in the moving image and x̃ and ỹ are coordinates in the fixed
image. The transformation parameters for this model are φ, the rotation angle and tx and
ty, the translation parameters.

(a) (b)

Figure 2: Example of a rigid transformation. (a) Original image before any registration is
applied. (b) A rigidly transformed image, rotated counterclockwise.

2.1.2 Similarity Transformation model

Another transformation model is the Similarity transform. This transformation is similar to
the rigid one. However, except for rotation and translation, it can also scale the images for
better alignment [13]. As a result, the similarity transform allows four degrees of freedom in
a two-dimensional image [15] and is classified as a non-rigid model [16]. An illustration of
the transform is seen in Figure 3 and the formula is

(
x̃
ỹ

)
= s

(
cosφ −sinφ
sinφ cosφ

)(
x
y

)
+

(
tx
ty

)
. (2)
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The transformation parameters for a similarity transform are the same as the rigid one in
Chapter 2.1.1. However, here a scaling parameter s has also been added.

(a) (b)

Figure 3: Example of a similarity transformation. (a) Original image before any registration
is applied. (b) A similarity transformed image, rotated and scaled.

2.1.3 Affine Transformation model

An Affine transformation is another example of a non-rigid transformation model [16]. The
Affine model is similar to both the rigid and similarity transform, and allows for rotation,
translation, scaling and shearing of the image [17]. Owing to this, the degrees of freedom in
an Affine transform and a two-dimensional image is six degrees. An example of an Affine
transformation can be seen in Figure 4, and the equation for the model is

x̃
ỹ
1

 =

a b c
d e f
0 0 1

x
y
1

 . (3)

In the expression above, x̃ and ỹ are coordinates in the fixed image, x and y are coordinates
in the moving image and a− f are constants [18].
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(a) (b) .

Figure 4: Example of an Affine transformation. (a) Original image before any registration is
applied. (b) An Affine transformed image, showing a sheared kidney.

2.1.4 B-spline Transformation model

The last category of transformation models is a cubic B-spline model. In a B-spline model,
a uniformed spaced grid overlay the image region, containing a control point at corner of the
grid [19]. An example of a grid with corresponding grid knots can be seen in Figure 5. The
idea behind a B-spline model is to construct a curve between a set of knots, estimating these
control points. An illustration of a B-spline curve is seen in Figure 7.

The grid is divided into several smaller sections, reaching from one control point to another,
between which curves are defined, known as segments [20]. Each segment can then be rep-
resented as a linear combination of basis functions. There are four basis functions used to
define a cubic B-spline curve, Bn(t) for n = 0, 1, 2, 3, these are:

B0(t) = (1− t)3/6, (4)

B1(t) = (3t3 − 6t2 + 4)/6, (5)

B2(t) = (−3t3 + 3t2 + 3t+ 1)/6, (6)

B3(t) = t3/6. (7)

A final curve can then be constructed by attaching adjacent segments at the knots. The
attachment is done by fulfilling a constraint that the curve should have C2 continuity [19].
In other words, the segments should share the same second derivative at each of the knots.
This results in a smooth curve, not always passing though all of the control points. A
weighted sum of these basis functions, placed on the grid, can then be used to model the
total transformation [15]. The approximation of the transformation f(x, y) can be calculated
by
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f(x, y) =
3∑

k=0

3∑
l=0

Bk(s)Bl(t)ϕ(i+k)(j+l). (8)

Whereas i = ⌊x/nx⌋ − 1, j = ⌊y/ny⌋ − 1, s = x/nx − ⌊x/nx⌋ and s = y/ny − ⌊y/ny⌋, and nx

and ny represents the mesh containing the control points [19].

The spacing between the control points specifies the flexibility of the deformation [15]. For
example, an increasing number of grid points results in a transformation model with increased
degrees of freedom [16]. A smaller grid spacing can increase the accuracy of the transform,
but then it also increases the computational time [19]. One way to compromise between
the flexibility and time is to use a hierarchical approach of grid sizes, starting with a large
grid that decreases to a final resolution [19]. In addition, a B-spline transform also has local
support which implies that moving one knot will only affect a part and not the whole curve
[20]. This is also one of the reasons for the flexibility of the transformation.

Even though a B-spline can align images both globally and locally, pre-alignment of the
images is often required [16]. The pre-alignment is often performed by applying a Rigid or
Affine transformation before the B-spline model is used.

(a) (b)

Figure 5: Example of a B-spline transformation. (a) Original image before any registration
is applied. (b) An example of a grid overlaying the kidney with control points in each knot.
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Figure 6

Figure 7: Illustration of a B-spline curve. Each colour representing one segment.

2.2 Similarity metrics

Similarity metrics, also known as similarity objective functions or cost functions, measure
how well the transformed moving image, IM ′ , resemble the fixed image, IF . This step is a
crucial part of the registration process, yielding the measure of what the iterative process is to
optimise. There exist several types of similarity metrics [21] [16], and the choice of which to
use is based on the object to be registered and on what modality and transformation method
to use [16]. Similarity metrics are commonly divided into two categories; feature-based and
intensity based.

Feature based registration is based on the geometrical structures extracted from the images
[22], such as edges, contours, line intersections and corners [13]. The similarity metric for a
feature based method are often the measured distance between corresponding features be-
tween the moving and fixed images [16]. This method requires a previous step; automated
feature detection [13], or manually defined landmarks. MR images of kidneys usually lack
distinctive features, making this kind of image challenging to extract features from automat-
ically. Even landmarks, which are placed manually, faces many difficulties [23]. Amongst
other problems, this placement can be time-consuming and difficult to set correctly [23].

Intensity based registration refers to the scalar values in pixel or voxel intensity and aims to
maximise the similarities between two images [16]. Due to the difficulties found in feature
based registration of kidney images, intensity based is the most common approach [21] [16].
For the same reason, intensity based metrics were investigated in this paper.
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2.2.1 Sum of squared differences (SSD)

The sum of squared differences (SSD) is an intensity difference measurement. The measure-
ment is based on the assumption that corresponding structures in the two images have the
same intensities. The underlying idea is to compare the pixel intensities between the moving
and the fixed image by subtraction.

Given images IF and I ′M with pixels i, the definition of SSD is given by

SSD =
1

N

N∑
i

|IF (i)− IM ′(i)|2 ∀i ∈ IF ∩ IM ′ . (9)

The value of the SSD decreases as the alignment of the images is improved. For instance,
when the SSD is zero, the alignment between the images is perfect. Due to the assumption
that the images have equal intensity, the use of SSD is limited to the registration of images
of the same modality and matching intensities [21]. However, matching intensities between
images is not the case for the ones concerned in this project.

2.2.2 Mutual information (MI)

Mutual information (MI), or normalised mutual information (nMI), uses entropy as a measure
of how well one image explains the other [16]. Registration with MI has received much
attention and is by many studies and literature [13, 21, 24] regarded as the most common
similarity metric for registration of medical images with differing intensities.

MI is a measure of the statistical dependency between two data sets, in this case, between
the fixed image IF and the transformed moving image IM ′ . The definition of MI and entropy
can be found in [25]. Given a set of two images, the measure of MI between two images is
given by

MI(IF , IM ′) = H(Y )−H(Y |X) = H(X) +H(Y )−H(X, Y ) (10)

where X and Y are two discrete random variables, X related to the first image and Y to the
second. H represents the entropy, a measure of uncertainty of a random variable given by
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H(X) = −
∑
i

pX(i)log(pX(i)), (11)

H(Y ) = −
∑
j

pY (j)log(pY (j)), (12)

H(X, Y ) = −
∑
i

∑
j

pX,Y (i, j)log(pX,Y (i, j)). (13)

The base of the logarithm depends on the unit in which the entropy is measured. For example,
the logarithm with the base two is used when the entropy is expressed in bits. The probability
mass functions pX(i) and pY (j) are evaluated at intensity i, j respectively. pX,Y (i, j) is the
joint probability distribution. These functions are obtained from

pX(i) =
∑
j

pX,Y (i, j), (14)

pY (j) =
∑
i

pX,Y (i, j), (15)

pX,Y (i, j) =
h(i, j)∑
i,j h(i, j)

. (16)

The joint histogram h(i, j) gives the relationship between pixel values of corresponding in-
tensities in two images [26]. The value in each histogram location h(i, j) corresponds to the
number of pixels in image IM ′ having the intensity i and the intensity j in image IF .

The number of intensities i, j examined is rarely the same as the total number of intensities in
the image. Instead, the intensities are divided into a number of intensity bins (also called joint
histogram bins), where each bin is represented by one intensity [27]. Assuming n intensity
bins for both images, i ∈ {i1, ..., in}, and respectively, j ∈ {j1, ..., jn}, see Figure 8. The
integer n can be tuned to affect the result [15].

Figure 8: Illustration of how the intensities in an image is dividend into histogram bins.
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Despite the popularity of MI, the measure has shown a lack of robustness for certain registra-
tion problems. Such problems can, for example, arise when the images are of low resolution.
A possible cause is that MI considers the relationships between individual pixels but does not
consider the original images’ relevant spatial information. Pluim et al. [28] suggest a possible
solution where a combination of MI and gradient information will satisfy the desired spatial
information. Another way to overcome this drawback is to apply MI for global registration
as a first step and use another similarity measure for smaller patches [29].

2.2.3 Intensity cross-correlation (CC)

Cross-correlation (CC) is a standard method for measuring how two datasets are correlated
[30], in this case, the intensities of the fixed image and transformed moving image.

For images IF and IM ′ with pixel values i, the normalised CC coefficient is defined as

CC (IF , IM ′) =

∑
i

(
IF (i)− IF

) (
IM ′ (i)− IM ′

)√∑
i

(
IF (i)− IF

)2∑
i

(
IM ′ (i)− IM ′

)2 ∀i ∈ IF ∩ IM ′ , (17)

where IF is the mean intensity value of the fixed image, and IM ′ the transformed moving
image [31]. When the images are well aligned, the value of the normalised CC will be one,
and if the images have no linear relation, the ratio will be zero.

Like MI, CC is a widespread measure for similarities between images [32], but is often found
in other applications than for medical images. Since a linear relationship is assumed between
the intensities of the structures of the two images [16], CC is known for being sensitive to
intensity changes, for instance, caused by multi-modal images [29, 31]. Still, CC has shown to
be especially robust for images with a low resolution, where otherwise MI becomes unstable
[29]. Therefore, a combination between MI and CC has been proposed as a successful method
[29].

2.2.4 Principal component analysis (PCA)

Principal component analysis (PCA) is a technique for identifying patterns in high dimen-
sional data by highlighting similarities and dissimilarities within the data [33]. In other
words, the PCA finds what features best describe the data and transforms it according to
these to reduce the number of dimensions. This is done by linearly transforming the data
into a new coordinate system [34]. When used as a similarity metric, bases reflecting the
source image information are compared instead of comparing the information directly [33].

12



2 BACKGROUND OF IMAGE REGISTRATION July 6, 2022

To perform PCA, a set of images Md is represented as columns in a matrix M, see Figure 9.
N is the number of pixels in the images, and G is the number of images in the set.

Figure 9: Image showing matrix M. Each column holding the pixels of one flattened image
and each row show a set of images.

Next, the correlation of the data points in M is calculated, from which the PCA transforma-
tion is created such that the variation is as great as possible and simultaneously maximises
the relation to the original features [35] . A simplified example of this principle is illustrated
in Figure 10 where the blue dots represent some particular data and how the properties x
and y of this data correlate. The red dots are projections of the blue dots along the purple
line. The purple line is fitted such as the variance of the red dots is as big as possible at the
same time as the total length of the red lines is minimised.
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Figure 10: An illustration of how the PCA transform is chosen to represent as much variance
as possible and still maximise the relationship of the original features. The axes are two
arbitrary correlating properties, and the dots show how these correlate.

The new orthogonal coordinate system where the most variance is observed is given by
the eigenvector associated with the largest eigenvalue. It should be noticed that different
applications differ, some are based on the covariance of M [35], while other are based on the
correlation of M [33].

W. Huizinga et al. [35] has proposed a couple of groupwise metrics based on this method.
One method, denoted DPCA, represents a metric measuring the difference between the sum
of all eigenvalues and the sum of the first few eigenvalues. Given a set of images IMi with
corresponding eigenvalues λi, where i ∈ {1, 2, . . . , n}, DPCA equals

DPCA =
n∑

i=1

λj −
m∑
i=1

λi =
n∑

i=m+1

λi,

where m is a selected cut-off constant 0 ≤ m ≤ n. The eigenvalues are arranged according
λi > λi+1, so that a eigenvalue with lower index has a larger value than the one with a larger
index. An other method, DPCA2 [35], is not requiring an user defined parameter m, and is
designed to weight the last eigenvalues more than the first. DPCA2 is given by

DPCA2 =
n∑

i=1

iλi. (18)

While MI is commonly used for pairwise registration, PCA is often used with groupwise
registration because of its characteristics of finding patterns in the information from all
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images together [36]. Both DPCA and DPCA2 has shown great results on groupwise MRI
registration compared to pairwise registration using MI or CC [35, 36].

2.3 Optimisation

Optimisation aims to find an optimal set of transform parameters by maximising or minimis-
ing the similarity metric [13]. For instance, a moving image IM will best resemble a fixed one
IF when an optimal set of transform parameters is applied. The mathematical formulation
for finding the optimal transform parameters µ̂ is

µ̂ = argmin
µ

C(µ; IF , IM) (19)

where C is the similarity metric to minimise, and µ is the current parameters [37].

Finding the optimal set of transformation parameters is an iterative process. In every itera-
tion k, the transform parameters µk are updated by taking a step in a search direction with
a specific step size [15]. An expression for the iterative approach is

µk+1 = µk − akdk (20)

where dk is the search direction and ak the scalar gain factor determine the step size [15].
The iterative approach aims to choose a step size and search direction that results in a local
minimum of the similarity metric [37]. Thus, the metric can result in several local minimums
or maximums [37]. The one to select depends on the optimisation method, as well as the
initial alignment of the images [37].

The difference between the optimisation methods are how ak and dk are computed [37].
In some approaches, the search direction is calculated based on exact gradients. In other
cases, they are calculated based on approximations of gradients. However, the optimisation
methods discussed in this paper are gradient descent and stochastic gradient descent. A final
section also discusses other possibilities for improvement, such as pyramidal approaches and
samples.

2.3.1 Gradient Descent Optimisation

A gradient descent optimisation method is based on gradients and assumes that these can be
calculated precisely [37]. Furthermore, the search direction dk in this approach takes steps
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in the negative gradient direction of the similarity metric [37]. The formula for the search is
dk = g(µk) and is the derivative of the similarity metric evaluated at the current position µk

[37].

One approach is to adjust the step size ak as a function of k, given the formula ak = (a/(k+
A))α [37]. The step size yields the user to choose values of three parameters: A, a and α.
Adding the formulation from equation 20 and the ones for ak and bk it results in

µk+1 = µk − (
a

K + A
)αg(µk). (21)

2.3.2 Stochastic Gradient Descent Optimisation

In some cases, calculating the exact derivatives for the search direction can be very time-
consuming [37]. For this reason, calculating only an approximation of the gradients can be
preferable [37]. One example of an approach using an approximation of gradients as search
direction is Stochastic Gradient Descent. Several Stochastic Gradient Descent versions exist,
but the one presented in this paper is the Robbins Monro and the extended version Adaptive
stochastic gradient descent method.

The search direction in a Robbins Monro method can be formulated as g̃k = g(µk) + ϵk [37].
Here g̃k represents the approximation of the gradients at position µk and ϵk the approximation
error [38]. If the approximation results in a zero error, the method is equivalent to the
gradient decent method [38]. The step size in this method is calculated in the same way as
for the gradient descent, ak = (a/(k + A))α [38]. As a result, the method require the user
to tune the variables a, A and α for the specific application, which is a large drawback of
the method [37]. Even though this approach can be similar to the gradient descent method,
the difference in the computation of gradients implies a reduced computational time for the
stochastic gradient descent method [37]. This method is also shown to be the best choice in
most applications [37].

Another optimisation method is the Adaptive stochastic gradient descent. This method is
an extension of the Robbins Monro approach but simplifies the selection of parameters [15].
Still, the method requires the user to set parameters A and a, but the method is more robust
for larger values of these parameters compared with the Robins Monro method [38]

2.3.3 Pyramids and Sampling

The iterative optimisation process of the registration is often implemented with a change
in resolution, called pyramid strategy [16]. In this approach the images are firstly being
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registered with coarse resolution, then stepping up to finer resolution. The transformation
parameters from the previous step is used as the initial for each iteration [16]. This pyramidal
approach for blurring the images can also act to prevent aliasing [31].

To lower the computational time for a registration method, a subset of pixels in the image
can be used to calculate an approximation of gradients [37]. In every iteration, a new subset
with randomly chosen pixels is selected [37]. However, a downside with this approach based
on samples is that it might reduce the rate of convergence [37].

2.4 Registration process for multiple images

The methods described previously in this chapter have considered registration of only two
images, a fixed one IF and a moving one IM . However, several applications require more
than two images to be aligned. When handling a set of images, the registration method can
be executed either in a pairwise or groupwise fashion.

In a pairwise registration, a fixed image is manually selected to act as the common coordinate
system to which all other images are mapped one by one [39]. In a set of n images, one is
chosen as a fixed image IF and the rest as moving images IMi, for i ∈ {1, 2, . . . , n− 1}. The
pairwise registration is a widespread technique with high efficiency since all moving images
IMi are only registered once to the fixed image IF . Figure 11 shows an example of a dataset
with one selected reference image. One downside of pairwise registration is that it introduces
a bias in the process towards the coordinate system of the chosen fixed image [39]. This
implies that a choice must be made to determine what image is the most appropriate option
for the coordinate system.

Figure 11: An example of a dataset where the reference image has been selected for the
pairwise registration process. The orange square symbolises the reference.

The bias introduced in a pairwise registration can be avoided using a groupwise registration
approach. Techniques of groupwise registration have been developed to simultaneous register
multiple images [39]. Groupwise registration generates an unbiased and optimal reference to
which all images in the set are mapped in a single optimisation procedure [36]. Figure 12
shows an example of a dataset where the reference is generated and not selected from any
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existing image. This process involves a high number of parameters and iterations, resulting
in a long computational time compared to pairwise registration [39].

Figure 12: An example of a dataset where the reference image is generated for the groupwise
registration process. The orange square symbolises the reference.

2.5 Validation of Registration Method

Validating the registration quality is essential for comparing and evaluating methods and
their parameters. There are, however, some challenges with the validation of registration
methods. One is the lack of gold standards to compare against [40]. For instance, if a gold
standard existed it would be intuitive to calculate the difference between this standard and the
registered images. The lack of ground truth images is often solved using manually segmented
images, performed by experts [40]. This validation method is though time consuming and
requires a certain expertise [41].

There are different validation methods, but the two used and described in this thesis is based
on segmentations and visual inspection. In segmentation based methods, images are first
manually segmented by experts, creating binary masks [41]. Then, the images IM and IF
are registered, and the transform used for this image alignment is saved and applied to the
segmented moving IM mask [41]. Lastly, the registered segmentations are compared to each
other using metrics to see how well they are aligned [41, 42].

It exists several metrics for comparing the registered segmentations [43]. The metrics are
in this paper divided into three main categories; spatial overlapping, distance measures and
lastly, volumetric approaches [40] [44]. The overlapping spatial measures covered is the Dice
coefficient [45]. The distance measures considered are two versions of Hausdorff distances:
Absolute Hausdorff Distance and Average Hausdorff Distance. Lastly, the volumetric ap-
proach described is the Volume similarity measurement.

2.5.1 Spatial Overlapping Metrics

One way to express a comparison between two segmentations is by studying the spatial
overlap. The most common overlapping metric for evaluating the segmentation of medical
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images is Dice [43]. Dice is a measurement for the intermediate association between two sets
[45] and calculated using the formula

DICE =
2|A ∩B|
|A|+ |B|

. (22)

Where A and B are the masks of the two images to compare, one for the fixed image IF and
one for the moving image IM . The Dice value ranges from zero to one, where one represents
a total overlap and zero that there is no overlapping between the two segmentations [40].

A considerable drawback with the overlapping spatial metrics is that they are not considering
the positions of the points that are not overlapping [44]. The drawback might imply that
other measurements are also needed to compensate for the loss of localisation.

2.5.2 Distance Measures metrics

The second category of metrics is the distance measures, considering the spatial distance
between the edge points. Compared to the overlapping measurements, the distance measures
considers the localisation of the pixels, providing the distance between the edges of two seg-
mentations [46]. One commonly used distance measures to evaluate the degree of overlapping
are different variations of Hausdorff distances [46], defined as,

H(A,B) = max(h(A,B), h(B,A)), (23)

given two point sets A = {a1, ..., an} and B = {b1, ..., bm}, including edge points for two
respective images. First, the distances between all points in A and all points in B are
calculated. The minimal distances connecting the points in A to some point in B are detected.
This gives n distances. The directed Hausdorff distance h(A,B) is the maximal out of these
values,

h(A,B) = max
a∈A

min
b∈B

||a− b||. (24)

A similar procedure, based on B yield h(B,A). The Hausdorff distance is, in turn, the
maxima out of these two values, as seen in Equation (23). The equation for Hausdorff
distance is in more general term defined with the supremum instead of the maximum in
Equation (24). However in the case with a finite number of pixels the equation can be
simplified by calculating the maxima instead.
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There is a drawback with this Hausdorff metric. Since it only results in the most significant
distance, it is very sensitive to outliers, for example, noise [40][43]. Other versions of the
Hausdorff distance have evolved to be more robust.

The Average Hausdorff distance is, as the name suggests, the Hausdorff distance averaged
on all points [43]. This metric is more stable and less sensitive to outliers than the original
Hausdorff distance [43].

2.5.3 Volumetric metrics

Another way to validate the performance of the registration is by comparing the volume be-
tween the two segmented masks. One example of a volumetric approach divides the absolute
difference in volume by the sum of the compared volumes [43]. One of the properties of
this method is its independence of grade of overlapping. Accordingly, the volumes can be
similar even if there is no overlapping between the segmentations [43]. The formula for the
volumetric measure is

VS = 1− |A−B|
|A|+ |B|

. (25)

Here A is the mask of the fixed image IF and B is the moving image IM . A value close to
zero implies a similar volume between the masks, while a result close to one instead implies
a significant difference in volume between the two segmentations.

3 Methodology

The first part of the project consisted of a literature study. This study was performed by
searching for articles through databases using various keywords. Examples of databases used
are EDS provided by Chalmers library and Google scholar. The purpose of the literature
study was first to find and gather information to understand different methods and techniques
for image registration. The objective was also to identify promising methods specifically for
registration of MRI images of kidneys.

The second part of the project was the performance study. Here, an algorithm was developed
to test the state of the art methods and promising techniques on given MRI kidney data. The
objective was to see how well the methods perform and better understand how settings could
be selected and parameters tuned to yield adequate results. The algorithm was developed
in Python, using Visual Studio Code and Jupyter Notebooks. The library Insight Toolkit
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(ITK) [47] was used for its software tools for image analysis. The toolbox Elastix [48] was
used for the image registration.

The following sections present the method used for this project. Firstly the data used in the
study is described, followed by how the images are processed before the registration. Then
the setup of the performance study is described as well as an in-depth explanation of what
settings were investigated and why.

3.1 Data used in study

The data used for the implementation was kidney MRI images provided by Antaros Medical.
Figure 13 illustrates the structure of the data. The data consisted of scans collected from
6 subjects A-F, including the MRI sequences MOLLI and DWI. Each scan were in 2D and
include three coronal cross sections of MOLLI images: two at random frontal positions and
one in the centre of the kidney, and one centred cross section for the DWI images. The
original MOLLI images had a size of 288x288 pixels and DWI 210x210.The left and right
kidneys were registered individually, consequently the total number of images of kidneys to
register for MOLLI was 36 and 12 for DWI. The MOLLI images were acquired at different
inversion times, in this case, it varied between 8 and 11 instances, identified as N in Figure
13. The DWI images are, on the other hand, acquired for different b-values, resulting in 4
instances.

The datasets were selected to get a variety of misalignments between the sets. There is also a
difference in the degree of movement between the DWI and MOLLI images. The first image
in all MOLLI datasets have a different intensity than the rest, where the kindey appear white.
However, in the MOLLI dataset B, the first two images have this characteristics.

21



3 METHODOLOGY July 6, 2022

Figure 13: Visualisation of the data structure used in this project. Here A-F are the datasets,
each from a different scan occasion and subject. Each dataset contain both MOLLI and DWI
images. There are three MOLLI slices x1, x2 and x3. Each MOLLI slice contain a set of
images n = 1, 2, ... , N acquired with different inversion times. The number off different
inversion times differ where N reaches from 8 for some datasets, to 11 for others. Each
DWI image contain one slice, x4, containing four images captured with different b-values.
The DWI slice x4 has the same frontal position as the MOLLI slice x2. Each image is then
divided into left and right kidney before the registration.

3.2 Image Pre-processing

The images were pre-processed in order to support the registration. Pre-processing in this
project includes limiting the region of interest (ROI) and upsampling the images with dif-
ferent sizes. First, the images were cropped into images containing left and right kidneys
separately. The benefit of this is the reduced amount of background information influencing
the registration [7]. Furthermore, the kidneys move independently, and therefore, the perfor-
mance can be improved when registrating each kidney separately [7]. The ROIs used were
created in the image pre-processing program ImageJ. The ROIs used to crop the left kidney
had the same size for all data sets, and the ones used to crop the right kidney had all the
same size. Although, the positions of the ROIs might differ between datasets. The reason for
this is the various positions of the kidneys due to anatomical differences and various positions
between subjects during scanning.
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The second step is upsampling. The pixel sizes between the MOLLI and DWI images used
in this project are different. For this reason, a good registration between these two types
of images is not likely. Therefore, an upsampling of the DWI images is carried out. The
upsampling process uses linear interpolation to approximate intensities.

3.3 Performance study

In order to analyse promising methods from the literature study on kidney MRI, specifically
MOLLI and DWI, these methods were applied in a performance study. The settings inves-
tigated for this study includes: i) the registration process, ii) choice of transform, iii) choice
of similarity measure. For some of the settings parameters were tuned or investigated to get
the best performance of the settings. These included comparing reference images for pairwise
registration, selection of grid spacings for the B-spline transform, and the effect from different
histogram bins for MI. See Figure 14 for an overview of the different settings and parameters
used in the study. These options are described in more detail in Chapter 2.

Figure 14: Illustration of the different settings investigated in the performance study. Pa-
rameters have been tuned for some of these settings: for pairwise registration the reference
of choice is tested, for the B-spline transform different grid spacings have been investigated,
and for MI the effect from different number of histogram bins have been tested.
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In the performance study, all tests were first performed on MOLLI and DWI individually
to understand how different settings affected the intra-modality registrations. Then MOLLI
and DWI were registered together to investigate the effects on inter-modality registration.
Some tests were performed solely on pairwise registration, for example, choice of reference
images.

3.3.1 Selection of reference image

In pairwise registration the selection of reference image can have an effect of the registration
result, like explained in section 2.4. A test was performed to see what the effect of different
reference images was and if any conclusions could be drawn. This test was performed on
the data sets A-F for MOLLI and DWI images. The settings used was a B-spline transform
with MI. The images tested as references were image 1-8 in the order of inversion time for
MOLLI, and image 1-4 in the order of b-value for DWI.

3.3.2 Similarity metrics to investigate

The similarity metrics investigated are CC and MI for pairwise registration and CC and
PCA for groupwise registration. As described in section 2.2, MI is considered a promising
technique, especially for medical images with differing intensities, and was therefore chosen
for testing. PCA was selected since it, according to the literature, is regarded as a commonly
used similarity metric for groupwise registration. However, studies also imply that CC is not
suitable for images with a big variation in intensities, which is the case for the images used in
this study. Therefore the study only tested CC on a few data sets to confirm or deny these
findings from the literature study.

Furthermore, a test was explicitly conducted with MI to investigate the effect of the selected
number of histogram bins. This test was done with both Affine and B-spline transformation
models for datasets A-F. The number of bins tested was 8, 16, 32, 64, and 128. The image
used as a reference for registration of MOLLI images and MOLLI and DWI images together
was the fifth inversion time. The second b-value was used as a reference for the registration
of DWI images.

3.3.3 Geometric transformation models to investigate

The two different geometric transformation models used for testing in this thesis were an
Affine transformation model and a B-spline one. The Affine transform was selected due to
its properties of rotating, scaling, and shearing to align the images but still preserving the
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internal structures of the original images. The B-spline transformation was selected due to
its interesting property of aligning both the contours and the internal structures. Before
the B-spline transformation was applied to the images, they were pre-aligned using a rigid
transform.

Previous studies have indicated an increased flexibility of the B-spline transform using a
smaller grid spacing. It is also stated that an hierarchical change of the grid spacing can
improve the precision and computational time. Therefore, it was interesting to investigate
the effect of these approaches on the images used in the current project.

The final grid spacing’s tested were: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 pixels.
Additionally, four different grid schedules were tested, schedule 1: {4, 2, 1}, schedule 2: {6,
3, 1}, schedule 3: {8, 4, 1} and schedule 4: {10, 5, 1}. Where a schedule determine by how
much the final grid spacing will be multiplied with for each iteration of the pyramid strategy.
The schedules are built to start with a bigger spacing for the more coarse resolution and
finish at one for the finest resolution to reach the desired final grid spacing. The datasets
used for this test were A-D. The last two sets were excluded due to the large computational
time needed for this test. Furthermore, tests with all grid schedules were only performed
using a pairwise registration. For a groupwise registration, only grid schedule 3 was tested
and a few random samples were chosen for investigation of the effect of changing final grid
spacings.

3.3.4 Optimisation method to investigate

An adaptive stochastic gradient descent method was used as the optimisation method through-
out this project. The adaptive approach was chosen since fewer parameters need to be selected
and tuned than for the other stochastic gradient methods. The adaptive stochastic gradient
descent methods parameters were set automatically during the registration, and nothing was
manually changed.

3.3.5 Selection of registration process and transformation model

In order to identify the methods that performs best on kidney MRI images, four different
promising combination of settings were tested. All tests that were performed using a B-
spline transformation model used a final grid spacing of 60 pixels and the third grid spacing
schedule {8, 4, 1}. Furthermore, the images registrated using B-splines were also pre-aligned
using a rigid transformation. The test using MI as similarity metric used a number of 16
histogram bins. Lastly, the pairwise registrations used the fifth or eight image as the fixed
one. These choices were in most cases based on their performance from previous individual
test presented above. The four different combination tested can be seen in Figure 15.
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Figure 15: An image showing the four different combinations tested. The first column
represent the settings and the four following columns each represent a combination. The first
row show what registration process is used in the corresponding combination, the second row
show the transform used and the last row present what similarity metric used.

3.3.6 Validation of methods

The quality of the registration method was determined by using segmentation and visual
inspection. First, segmentations of the original images were manually created by experts.
The segmentations are binary masks, where the background is assigned a value of zero and
the pixels containing kidney tissue a value of one. Then, the same transformations found
registering the images were applied to the corresponding masks. As a result, the masks were
transferred to the same coordinate systems as the registered images. Example of a set of
segmented and transformed left kidneys can be seen in Figure 16.

Once the masks were transformed, they could be compared using metrics. The metrics used
to evaluate the performance of the methods in this paper were the Dice similarity measure.
Other metrics, for example, Hausdorff distance and Average Hausdorff distance, were during
the test used to confirm the observations and identify outliers but not used for the result
and analysis of the registration performance. The reasons for excluding these metrics were
because Hausdorff and Average Hausdorff, in most cases, followed the same pattern as the
Dice metric. For example, when there is a low Dice value, Hausdorff and Average Hausdorff
result in high values and vice versa. The validation based on the volumetric approach was
totally excluded since the alignment of the images is dependent on the overlap of the kidneys,
and this metric did not concern that.

The metrics only describe the overlap between two masks. Therefore, an evaluation of multi-
ple masks was performed comparing all transformed masks in the data set to each other, left
and right kidneys separately. Lastly, a mean value including both kidneys were calculated
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and used as the final value representing the performance of the registration.

Figure 16: Set of expert segmented masks that are transformed and compared using metrics.

4 Results

In this section, the results from the different performance studies are presented. Some studies
are presented alone, while others are compared and presented together.

4.1 Selection of reference image

Here the results are presented for registration using pairwise registration with different images
as reference. For MOLLI images the results from having the first image as a reference was
drastically lower compared with the rest, which stayed quite consistent regardless of the
choice of reference. This can be seen in Figure 17. The resulting Dice value for dataset F
with reference image 1 is 0.871 which has a great effect of the mean Dice value. For dataset
B, registration using both the first and the second image as reference results in lower values
than the rest. For further tests a reference image between 3-8 is used for MOLLI images.

Figure 18, show the characteristics of choice of reference image for DWI images. The Dice
values stay similar for different reference images.
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Figure 17: Dice values for pairwise registration of MOLLI images using different images as
a reference. The Dice value is the mean over all three slices in each dataset. Note how the
registration with the first image as a reference result in lower values for all datasets except
dataset B, which have low values for both the first and the second image.

Figure 18: Dice values for pairwise registration of DWI images using different images as a
reference. Note how the trend is consistent over all reference images.

4.2 Investigation of different similarity metrics

Sample tests were performed using a CC similarity metric. An example of MOLLI images
in dataset B registered using CC as similarity metric is showed in Figure 19. From visual
validation, it was observed that the inverted images in the MOLLI data sets were distorted
and therefore badly registered, while images with similar intensities were well aligned.
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Figure 19: Result from a test using cross correlation as similarity metric together with an
Affine transformation model using a pairwise approach. It can be identified that the two
images with inverted intensities results in bad alignment.

In Figures 20 - 22 the results of using MI with different number of histogram bins are
presented. From the figures, it can be observed that the patterns are similar for both B-spline
and Affine transformation models. Registration of MOLLI images with different number of
histogram bins is seen in Figure 20, note how the lowest Dice value represent the lowest
number of histogram bins. For DWI images, Figure 21, the result show that the Dice values
is almost constant for all number of histogram bins tested. The last combination, registration
of MOLLI and DWI images together, shows its lowest Dice value using a low number of
histogram bins, then a peak can be identified followed by a slight decrease for higher number
of bins. For Affine transformation the peak occurs at 32 histogram bins and for B-spline
transformations at 16 bins.

(a) (b)

Figure 20: Registration of MOLLI images with different number of histogram bins. (a)
Registration using an Affine transformation and (b) a B-spline model. The test is performed
using both Affine transformation model and a B-spline model. It can be observed that the
lowest number of bins result in the lowest Dice value.
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(a) (b)

Figure 21: Registration of DWI images with different number of histogram bins. (a) Regis-
tration using an Affine transformation and (b) a B-spline model. The test is performed using
both Affine transformation model and a B-spline model. It can be observer that the Dice
value is constant and independent on the number of histogram bins.

(a) (b)

Figure 22: Registration of MOLLI and DWI images together with different number of his-
togram bins. (a) Registration using an Affine transformation and (b) a B-spline model. The
test is performed using both Affine transformation model and a B-spline model. Both trans-
formation models result in a peak and then a decrease.

The images registered with different number of histogram bins are also visually inspected.
The result is presented in Figures 23 and 24. It can be observed that the images with odd
intensities are distorted, while the ones with similar intensities are still well aligned.

Figure 23: In this image, pairwise registration of MOLLI and DWI images using 8 histogram
bins for an Affine transformation. The fifth image from the left is the reference image, and
dataset D is used.
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Figure 24: In this image, pairwise registration of MOLLI and DWI images using MI and 32
bins is shown. The fifth image from the left is the reference image, and dataset D is used. It
can be observed that there are less distortions and the images are well aligned.

4.3 Investigation of B-spline grid spacing

The effect different spacings of the grid in the B-spline transformation have on the registration
is presented in this section. First the observations of pairwise registration is presented, then
moving on to groupwise.

No considerable difference or trend was found for a pairwise approach for registration using
different grid schedules. This result applies to all three combinations of images. Figure 27
show the result for the registration of DWI and MOLLI images together. This graph shows
that the Dice value improves as the final grid spacing increases. The same applies to the
result for MOLLI images seen in Figure 28, where the lowest Dice value is found for the
lowest final grid spacing. Turning now to the result of registering DWI images. It can be
observed in Figure 29 that the Dice value is constant and independent of the different final
grid spacings tested in this report. For a groupwise registration, it could be observed that
the values were consistent for all grid spacings, and no large changes could be observed.

An example of pairwise registered MOLLI and DWI images together using a B-spline grid
of 10 voxels is seen in Figure 25. The images were registered using the fifth image as a fixed
image. It can be observed from the figure that the images with inverted intensities compared
to the fixed image are distorted. In Figure 26, the same images are registered but this time
using 60 voxels as final grid spacing. Note how no distortion can be seen.

The result from similar tests using groupwise registration for a fixed grid schedule and for
final grid sizes ranging from 10-100 showed very similar Dice values regardless of the final
grid size.
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Figure 25: In this image, pairwise registration of MOLLI and DWI images using 10 as a final
grid spacing and schedule 3 is shown. The fifth image from the left is the reference image,
and dataset D is used. It can be observed that the images with different intensities compared
to the fixed image is distorted.

Figure 26: In this image, pairwise registration of MOLLI and DWI images using 60 as a final
grid spacing and schedule 3 is shown. The fifth image from the left is the reference image,
and dataset D is used. It can be observed that there are no distortions and the images are
well aligned.

Figure 27: Graph showing the Dice values for registration using ten different final grid
spacings and four different schedules. Each bar is the mean value of all datasets and slices.

Figure 28: Graph showing the Dice values for registration using ten different final grid
spacings and four different schedules. Each bar is the mean value of all datasets.

32



4 RESULTS July 6, 2022

Figure 29: Graph showing the Dice values for registration using ten different final grid
spacings and four different schedules. Each bar is the mean value of all datasets.

4.4 Selection of registration process and transformation model

Here the result for groupwise and pairwise registration using the two geometric transformation
models B-spline and Affine are presented. The graphs in Figures 30-32 show the resulting
Dice values for each dataset A-F for respective registration method. Note that the graphs
have different minimum limits on y axis. The blue line in the images represent the original
Dice values before the images have been registered, based on the manual segmentation. For
the MOLLI images, the presented Dice value is the mean over the Dice values for all three
slices. The observations are in this subsection divided into MOLLI, DWI and MOLLI and
DWI registered together.

Figure 30: Barplot for Dice values for different combinations of pairwise and groupwise reg-
istration together with Affine and B-spline transformation. The result is shown for datasets
A-F for MOLLI images. The blue line shows the Dice value before registration.
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Figure 31: Barplot for Dice values for different combinations of pairwise and groupwise reg-
istration together with Affine and B-spline transformation. The result is shown for datasets
A-F for DWI images.The blue line shows the Dice value before registration.

Figure 32: Barplot for Dice values for different combinations of pairwise and groupwise reg-
istration together with Affine and B-spline transformation. The result is shown for datasets
A-F for MOLLI together with DWI images. Note how the results vary and lack a distinct
pattern. The blue line shows the Dice value before registration.
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Table 1: The mean differences between Dice value after registration and Dice value before
registration over all datasets A-F. Note how the values for pairwise registration are negative
for both Affine and B-spline transformation, while staying positive for groupwise registration.

MOLLI
Option Mean difference
Pairwise B-spline -0.00138
Pairwise Affine -0.00876
Groupwise B-spline 0.00259
Groupwise Affine 0.00179

Table 2: The mean differences between Dice value after registration and Dice value before
registration over all datasets A-F. For DWI images. Note how all values are positive, but
higher for the pairwise options.

DWI
Option Mean difference
Pairwise B-spline 0.02020
Pairwise Affine 0.02394
Groupwise B-spline 0.00677
Groupwise Affine 0.00443

Table 3: The mean differences between Dice value after registration and Dice value before
registration over all datasets A-F. For MOLLI images registered together with DWI images.

MOLLI and DWI
Option Mean difference
Pairwise B-spline 0.02332
Pairwise Affine -0.00716
Groupwise B-spline 0.01203
Groupwise Affine 0.00570

The graphs in Figures 30 - 32 show that there is a variation of the results between the
different datasets. In Figure 30, showing the results for registration of MOLLI images, the
mean value is represented for the three slices in each dataset A-F. The bar plots for the MOLLI
images show rather even results for the different options with only one deviating result of the
pairwise-affine registration on dataset F reaching a Dice value of 0.953. Table 1 show the the
mean differences from the original Dice values over all datasets for MOLLI images, rounded
to five decimal places. This differences show that groupwise registration perform better than
the pairwise registration, for both transformation models tested. In addition, it can also be
seen that the mean difference for groupwise registration using B-splines are slightly higher
than groupwise registration using an Affine transformation model.
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In Figure 31, the Dice values for different registration options of DWI data is presented.
Dataset A stands out for having Dice values below the original Dice values for both groupwise
options. The rest of the bars however are above the original Dice values. The pairwise options
results here in higher Dice values than the groupwise options for all sets, where pairwise Affine
performs slightly better than pairwise B-spline. The mean difference between the resulting
Dice values and the original Dice values over all datasets can be seen in Table 2.

It can be seen from the barplot in Figure 32 that the results for the different options are
varying when MOLLI and DWI images is registered together. For example is pairwise Affine
showing great results for dataset E, but a very low Dice value for dataset D. Pairwise B-
spline show higher Dice values than original Dice in all cases except for dataset F. Groupwise
Affine show higher or equal Dice values than original Dice in all cases except for dataset C.
Groupwise B-spline results in higher or equal Dice values for all datasets. When comparing
over all datasets together, pairwise B-spline show the highest value, see Table 3.

5 Discussion

This chapter presents a discussion about the results from the previous chapter. The discus-
sions cover the findings, limitations and recommendations for further research.

5.1 Selection of reference image

One of the questions raised while implementing the pairwise approach was if there existed
an optimal choice of the reference image and, if so, which one. The literature indicates that
a bias is introduced toward the coordinate system of the chosen reference image using a
pairwise approach.

The result from this study shows that the choice of reference image can have a large effect on
the registration result. Even though there can be small changes between different references
within each dataset, it can be observed that images 3-8 for MOLLI and all images for DWI
work as good references. All these images have in common that non have a deviating intensity.
From the test with MOLLI images, see Figure 17 in the result, it can be seen that when an
image with inverted intensity was used as a reference, the results are lower than for the rest.
This was image 1 for all datasets, but also image 2 for dataset B. These tests were performed
with MI as a similarity metric, known for performing well on images with different intensities.
Due to the bad performance of CC as a similarity measure early in the study, it was not
investigated for this test. However, it would be interesting to compare the results if the same
test had been done with CC as a metric instead of MI to confirm the hypothesis that the use
of MI reduces the variety of the results for the different reference images.
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The outcome from the test on MOLLI images correlates with what is observed on the test
for the DWI images. Given the result from the MOLLI images, it could be expected that
the effect of changing the reference image for DWI would not have a big impact on the result
since all DWI images have similar intensity.

These tests were only performed on MOLLI and DWI images separately. Thus it would be
interesting to do a similar investigation for MOLLI registered together with DWI to see if
the results would be any different.

5.2 Investigation of different similarity metrics

Several reports have shown that MI is the most common similarity metric for medical images
with varying intensities. Studies also indicate that CC is a similarity metric sensitive to
intensity changes. The results from this report is in line with these studies and shows that
MI outperforms CC on the types of images used in this study. The tests for CC are only
performed on a few datasets. However, it may be the case that CC works well for registration
of DWI images only, since these images all have more similar intensities. Hence, there is room
for further investigations.

The results from testing MI with different histogram bins show that a low number of bins is
not optimal for registration of MOLLI images nor MOLLI and DWI images together. The
observations found using visual inspection indicate that the images with deviating intensities
from the rest are the ones not aligned. A possible explanation for this is that when using
a low number of histogram bins for images with different intensities, the pixels might be
divided differently. Meaning that the pixel intensities for some detail might be grouped in
one histogram for one of the images but split into different histograms for another. This
means that the metric will handle these images as if they contain different details. This
theory, that a set of images with varying intensities would be more sensitive to the number
of histogram bins, is supported when analysing the result on the DWI datasets. The DWI
images are less dependent on the number of histogram bins, which could be explained by the
fact that the images are more similar in general.

5.3 Investigation of B-spline grid spacing

As mentioned in the literature review, a finer grid spacing can improve registration accuracy.
On the contrary, the results from this study indicate improved and more consistent results
for a higher final grid spacing, especially for MOLLI images and MOLLI images registered
together with DWI images. This finding was unexpected considering the benefits of a finer
grid stated in the literature. One explanation for this rather contradictory result is that the
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flexible characteristics of a B-spline transformation might be redundant for the misalignment
of kidneys present between the images. The bigger the spacing between the control points of
the grid, the more the transform starts to resemble an Affine transform. Consequently, an
Affine transformation might be enough for this kind of registration.

The result for different final grid spacings when registering DWI images stayed consistent.
The reason for this is not clear and would need further investigation. The same applies to
groupwise registration where it also would be interesting to investigate the effect of a different
number of resolutions instead of different schedules. One hypothesis is that fewer resolutions
will result in a worse registration performance.

The grid schedule showed no trend or large difference on the tests. Therefore, it is likely
that the most important property is the final grid size, which is used for the final resolution.
For some of the tested schedules, the grid spacing in the first resolutions is much larger than
the image, which might imply that grid spacing is too sparse to have an effect on the image.
However, in that case, the outcome should be different for the first two schedules registered
with low final grid spacing.

5.4 Selection of registration process and transformation model

The next focus of this project was to see how well methods performed and understand how
settings and parameters could be tuned. These tests used the findings for different settings
from previously presented studies to compare different combinations. The results from these
tests further strengthen the sense of complexity of registration of kidney MRI images.

It is hard to determine a trend between the different options presented in this study, which was
a combination of pairwise or groupwise registration with Affine or B-spline transformation.
A small indication is that a groupwise approach is better for registering MOLLI images.
On the other hand, a pairwise approach shows the best and most robust result for the
registration of DWI images. As shown in previous tests, a pairwise approach depends on
the choice of a reference image. For this test, the reference image is chosen arbitrarily from
the span presented in this previous test. Since the reference image is chosen arbitrary and
not dependent on the best choice for each data set, there is a possibility that another choice
can improve the result. However, in a real-world scenario, there will be no test defining the
optimal reference image before performing a registration.

Several prior studies pointed out the benefits of using a non-rigid transformation model as B-
splines, for example, the possibility of deforming both local structures and global structures.
Considering the benefits presented in the literature, the results of this test indicate that
the difference between a B-spline transformation and an Affine transformation is not that
significant. Therefore, a trend for an optimal transform is hard to identify for the registration
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of MOLLI images and MOLLI and DWI images together. There is a slight trend toward using
an Affine model for the registration of DWI images. However, the difference between the two
models is minimal.

The registration of MOLLI and DWI images together shows a very diffuse result for both
different options and datasets, and it is hard to determine a tendency toward one of the
options. Consequently, Table 3 showing the mean difference between the resulting Dice value
and the original Dice value is misleading since the results vary and are not robust enough
to result in findings. A possible explanation for this outcome might be the complexity of
the methods. Several parameters can be tuned, both independently and in relation to each
other, to improve the outcome of a transformation. In this study, only a few of them are
tested and tuned. Therefore, these results must be interpreted with caution since there is a
possibility that other parameters can improve the results. Furthermore, the previous tests
only consider the best choice for registration of MOLLI images and DWI images separately.
Therefore, future research could take a step back to analyse the optimal settings for reference
images and grid spacing for registration of MOLLI and DWI images together.

Some of the datasets in this project were initially very well aligned, especially MOLLI images.
The results after registration of these sets are, in most cases, either a deterioration, especially
applying an Affine pairwise registration, or the same as the original ones, mainly for the two
groupwise approaches. The Dice values after registration are still high for those resulting in
deterioration. However, they are not as high as they were originally. When visually observing
the resulting images, the changes before and after registration are, in these cases, minimal
and barely visible to the human eye.

In conclusion, there is no definite answer to what settings are optimal for registration of the
images in this study. However, registration of the DWI images shows promising results, even
though the optimal settings are hard to conclude. For MOLLI the results are not quite as
good but still show potential. Nevertheless, there is room for further investigations to find
the best parameters for the registration of MOLLI and DWI images together.

5.5 Validation of methods

The two methods used for validation in this project were Dice and visual inspection. In this
project, the validation of multiple images has been performed by comparing all masks with
each other. Other ways of doing it could instead have been to compare all registered masks
to the fixed image IF for pairwise registration and, in a groupwise approach, compare all
masks to a guessed ”gold standard”. This would though introduce a bias toward the mask
chosen as the ground truth image in the groupwise registrations.

The masks used for validation were created by manually segmenting kidneys by experts.
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This implies that a Dice value of 1 equals a registration exactly the same as what the manual
would result in. That means that the validation using Dice compares the registration with
the manual performance and is not necessarily the best possible. Some images are of lower
quality where the edges can be blurry and hard to segment, which means that observer
variation is possible. If a registration ends up more correctly aligned than the manual ones,
these registrations will be shown as lower Dice values for the registered image than the
original value. By visual observations however, it can be seen that this is not true for all
cases. During the analyses of the results, it is important to keep in mind that the Dice value
is a good method for validation but not incontestable.

Comparing all masks result in several Dice values, and therefore, a mean value is calculated
to represent the registration result for all images. A mean value is used due to the insight
that a median would result in a total overlap for datasets where more than 50% of the images
were totally aligned before registration. A mean value, however, is more sensitive to outliers.
Therefore, visual inspection and sanity checks are of importance, and an outlier detector was
used to inform if any values would differ significantly from other observations. If outliers were
detected, a thorough visual inspection was conducted. Still, the Dice values were all given as
a mean for all images registered in a set, which means that the overall score is affected even
if only one registered image is off. This is particularly interesting for the first image in the
MOLLI datasets, which has an inverted intensity and is observed to have more difficulties to
register than the rest. From visual validation, it was observed multiple times how all time
instances were well registered except for the first. Example of this can be seen in Figure 19.
In a real-world application, it is still possible to manually segment the inverted image in a
dataset and then register the rest automatically and still save time and resources. Therefore,
it would be interesting to test these methods on the images with similar intensities only. It
is nevertheless good to keep in mind when analysing the Dice values that these are based
on all images in the dataset and one bad registrated image will have a large impact on the
resulting Dice value.

5.6 Suggestions for future work

There are several things to investigate further based on this study. For instance, it would be
interesting to try different sizes and positions of the ROIs to see if that would impact the
result. The size of the ROIs used in this project was constant for all data sets. However,
they do not have the same position in all scans, since the position of the kidney differ. This
implies that different data sets might include varying details of background, for instance, the
spine or liver. As a result, the algorithm may try to align the images with focus on the spine
instead of the kidneys. Therefore, further tests would be needed where smaller ROIs that
include less surrounding details are used.

The tests are performed on fewer number of DWI images and DWI and MOLLI images to-
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gether than on only MOLLI images. Therefore, there might be a bias toward the registration
of MOLLI images alone. Further research should be undertaken to investigate inter-modality
registration of MOLLI images together with DWI images, and not just the two individually.
Also, more DWI data is needed to avoid possible bias towards the MOLLI images.

A greater focus on the similarity metrics could produce interesting findings that account
more for more accurate registration. As mentioned in Chapter 2, some research suggest a
combination of MI and gradient information, something that could be achieved by using the
image gradients instead of the images them selves for the registration process. This may be
a promising technique and would be interesting to explore.

Despite the promising possibilities with Elastix, different methods and toolboxes could be
investigated. Even Elastix itself have more options to explore and more parameters to adjust.
Some parts of the registration process have been left out in this study. For example, the
optimisation process which is also very complex and has great opportunities to affect the
result.

6 Conclusion

This study set out to investigate the current promising registration techniques used today
for kidney MR images as well as how these affect the registration of MOLLI and DWI
images. The elements prioritised to investigate in this study were i) the registration process
(groupwise and pairwise registration) ii) transformation models (B-spline and Affine), iii)
choice of similarity measure (MI and CC) and iii) tuning of parameters such as the number
of histogram bins for MI and the size of grid spacing for the B-spline transform.

This study has identified great potential in image registration of kidney MR images, however
further research is still needed. The experiments confirmed that MI is a promising similarity
metric for this area while CC is not reaching the same good results. Even when using
MI, the registration is sensitive to using images with large differences in intensities. There
are naturally intensity differences between MRI images taken at different time instances.
However, when one or two images have almost an inverted intensity, it may be good to
totally separate these images from the datasets and manually register them afterwards.

Overall, this study urges the complexity of selecting registration settings and parameter
tuning. There were difficulties in defining optimal settings for combinations of pairwise and
groupwise registration together with Affine and B-spline transformation. There is no definite
answer to the impact of the results, therefore further work needs to be done to establish more
knowledge behind the effects of these settings.

Considerably more work will need to be done to explore different settings and parameters

41



6 CONCLUSION July 6, 2022

to tune. An investigation of the optimisation process could produce interesting findings to
improve the overall registration. Future work need more data to test the methods on and
also more DWI data to match the amount of MOLLI data in order to avoid bias. Addition-
ally, more work has to be accomplished on inter-modality registration on MOLLI and DWI
together, which is not only based on the findings from intra-modality registration to analyse
the possibilities fully.

Finally, there are several choices to take into consideration designing a proper registration
method for kidney MRI images. Several questions still remain unanswered, and further
research is needed to determine the most robust image registration method for reducing the
motions in MRI images of kidneys. The findings in this project contribute in several ways
to the understanding of image registration of MRI images of the kidneys and provide a base
for future research in this field.
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