CHAPTER 3

METHODOLOGY %\Y.
S

This chapter provides a detailed overview of the materials vethodology
T

employed in this study for registering Computed Tomogr

arwgcular patients. The

e Jral gistration

), Magnetic

Resonance Imaging (MRI), and Ultrasound (US) images of

registration process consists of three significant

development, spatial registration development, and validation of the trimo aﬁtkmge

IS

4 &
3.1 Image and Data Acquisition %V Q\ E

CT, MRI, and US image data of sim |o or at&Qerapy from twenty

registration scheme.

patients diagnosed with Cardlo va |seaq ) we(%r.ecrwted in this study to

approve patients' consent to trlmo agl he Medical Research and

-——.

Ethics Committee (MR ), nlstryo Hea @Aalayma approved the review
and consent procedure. Other t n n from the Director of Hospital

Serdang, Selang&% 0 atned efore research. All data were collected

retrospectivel Mth standa }I‘n cqmsmon protocol. The 20 patients were

diagnos ed D e eeaz 5 020, respectively. Among the 20 patients with

CVD, had ao rtl vaI{e d&/&ées Consequently, the letter of approval for ethics
is %to Appendix A. %

ctlon 3.1.1 presents an overview of the many imaging techniques used in this

O/estigation. Finally, Section 3.1.2 provides data on patient characteristics acquired

while recruiting participants for this research.
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3.1.1 Image Acquisition

The CT, MRI, and US data sets were obtained at Hospital Serdang in Se?u,
Malaysia. The MREC granted ethical approval. The hospital archiv@lems
provided the images as anonymized Digital Imaging and Communications'ig Medicine
(DICOM) files. A 64-slide dual-source CT scanner Siemens SomatonDefinition Flash
captured CT images during image acquisition in the supine p iWhe total number
of slices was 128, with a slice thickness of 1 mm — 5 m OYL:ti n scan times of
0.33, 0.5, and 1 s, respectively. Note that the matrix ha x 51 pW¢

MRI data were obtained retrospectively w@vens ag n‘ @Eny
scanner and were provided from the hospital archiwvi ys% ymized DICOM
files. The slice thickness was 8 mm, with a worx:te\val 5%. @&beld of View

(FOV) was 230 x 230 mm?, and the N:a referred togthe pa@‘[‘s image.

The US data sets were also r@ectively\he%d g@\he same patients and

N,
delivered as DICOM from hospi chiv$| sys an ously. US of the two-

\ N
dimensional time series was.carri oul\A Ca@gy US System (Philips Epic

7C). The image obtained.i es the “Mergedes B@z short axis, an indicator for the
4 ¢ &

aortic valve plane.\'@rs 4 tl) M c cyﬁﬁith a spatial resolution of 0.3 t0 0.3

mm. &

3.1.2 Patie t:

Y.
Adata in Table 3.1 @‘nts the characteristics of the 20 recruited patients

i in the study conducted at Hospital Serdang, Selangor, Malaysia. This study

tilized three different modalities for analysis. The characteristics of the patients, such

s their age and gender, are outlined in the table.
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As previously stated in Chapter 2, it has been observed that a significant number
of deaths caused by CVD occur in individuals below the age of 70. This agw
constitutes 46% of the total deaths, indicating that a considerable p Nf the
population affected by CVD is in the prime years of their lives. Further it is worth
noting that 79% of the burden of the disease is concentrated within thiS particular age

group (Yuyun et al., 2020). \,

Table 3.1: Patient Characteristics Who Were Recru ozThis'Research
]

Patient # Gender

<7
e
e —
)'JZq

%\ ¢ ?:' c,)V F = Female, M = Male

investigation of trin@ty image registration for CVD comprises three main
sgé\e development of temporal registration, the development of spatial registration,
n

Q he validation of the trimodality image registration scheme. This study implements
e rigid-body registrations of US + CT and US + MRI separately using MATLAB's

image registration tool (vR2020b, MathWorks, Natick, USA). By utilizing the common
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data measure, the software aligns the secondary image sets of CT and MRI with the
primary image set of the US. Consequently, these aligned secondary image wm

incorporated into an in-house developed software for trimodality image re@\shn.

Step 1 [ Objective 1: To investigate a temporal registration system for US-CT-MRI. }

1 . . .
1 The process of temporal and spatial registration for US, CT and :
1 MRIare performed to aid diagnosis and guide intraprocedural
I treatment of aortic valve disease and synchronize images in time. |

Step 2 [

|
1 The process of spatial registration is the alignment of images US,
! CT and MRI in the same coordinate system

Step 3
P Objective 3: To determine the image registration procedures based on the

clinical indices for the tri-modality image registration.

SN & P
I N\ NI oY BN S |

:_ Qualitative Quantitative I

_____ N SR I

* Validation of image : %‘ Hausdorff distance
quality by an experts’ |l Dice similarity coefficient
expressed in Cohen 14y, * Bland-Altmann analysis:
statistics. (/ to compare agreement in

. b» .
Trimodality fusion , diameter measurements
image. I * Root mean square error:

\ e I_ '('3-" - to analyse transformation
(_J L parameter

w 3.1 If'IoWEZﬁ Ov§a Workflow of The Research Framework
N
S

wls research methodology is divided into three major steps to achieve the
arch objectives, demonstrated in the flowchart in Figure 3.1. This flowchart
scribes an overall workflow that will be conducted in general. The images of

individual modalities are acquired at different times. Thus, in the first stage, the US-
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CT-MRI will be aligned and synchronized in time. In the second stage, the spatial
registration algorithm will utilize a mutual information scheme combining a w
nonrigid geometrical transformation to align the modalities in the sam \inate
system or spatial location. Finally, the trimodality image registration aeéqu and the
visual output quality will be validated qualitatively and quantitativelR?he validation

stage. The entire suggested registration procedure for this SWS illustrated in

Figure 3.2, and the following sections provide a more in-d a Iysi' of each stage.

H I
; US. » Temporal alignment » US frames selected
= recording ,
7))
e - , T N
P ~ Ny
(o'}
A CT and MRI : CT and MRI slice
= . > Pre-processing
; acquisition selected
‘.—\ N1 ) A
EEEEEEEEEEEETTT"S ; ------- ' ----- - o TEETEEEEEEEEEES
S VS
US frames + MRI
slice selected
en
e : : . } .
E Spatial registration »| Registration results
7))
US frames + CT ~ ~
slice selected <$
.

\ P
Fi
5‘9: f
3.3 mperal Registration

5
worder to achieve Objea(/e 1, Step 1 will be employed. The investigation of the
ral registration system follows the previous work reported by (Perperidis et al.,
0@4 & Khalil etal., 2016). To register two or more images spatially, it is first necessary

to temporally align them to discover corresponding frames due to differences in

A
)4 :
'<IA7/..
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temporal sampling. Using the method of Perperidis et al. (2005), we adjust the temporal
and spatial components independently to achieve this goal. Through tevlul
registration, we check to see if both sequences have the same number of frﬁ%\d do
this by locating critical temporal frames. To complete the enhanc ence, we
interpolate new frames into the originals at strategic points. Y'

In Step 1, the temporal registration was performed to s (Me US + CT and

US + MRI in time. These modalities produce images wit 10Us sa'npling latencies
and temporal resolutions. Other than that, the series of USi [ Wsponding
L ]

state or most similar to the diastole phase of CT and isifion a[dl_;a\éa‘ﬁ be
extracted from US videos. To achieve an excell | ali t, ba@géquences
I a? equal nurn@:g; frames for
detecting key temporal frames. The i@d sequen am@ween keyframes

will be generated to produce the au@sed sequ \\T
This study used time star% achi&/e temparal registration of CT, MRI, and

of US frames, plus CT or MRI frames, m

/;),

&
US imaging modalities usi % gra G) gating signal obtained
z i CG sighal's R peaks are automatically

simultaneously durin%

_— ; & _

identified based o ﬁqlgnm gmzad et al., 2021). The ECG signal

underwent Iineé’olat' i ' thecﬂ-i%( interval, as depicted in Figure 3.3, to
¢

identify US_images corr sp’:r%]{o EiEaar heart phases as the preoperative cardiac

N
CTand % umeJFOr spatial re@ation, three frames were selected between 40%

andj@f the interval. The @’delay recorded in the CT and MRI header file was

%to calculate the period, which closely aligned with the end-diastolic phase of

3 eart cycle.
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Echocardiography frames

Frame selection Frame selection
between 40-70% interval between 40-70% interval
+«—> “«—>

R

ECG signal

Interpolated frames

Figure 3.3: Procedure of Temperal Registration

3.4 Spatial registration

Step 2 will be applied to achieve "©bjective 25 Which,investigates a spatial
registration system for US, CT, andMMRI A ridid intepsity registration scheme from 2D
to 3D will be used in this stéps [T*will use ' mutual knowleédge as a search metric of
similarity and pattern as.its upderlying optimizer to,develop the spatial registration of
the 2D US frame with the cofrespending:€T and MRI volumes of preoperative cardiac.
In addition, the USsimage from‘Step Lwill be bsed to explore the best compatible plane
for both the cardiacC®€T ahd MR planesby:-spatially manipulating the proximity of the
cardiac CTyanad=MRI yolune. /Figure."3.4 illustrates this study's overall proposed
framewiorksfor spatial .registration, with the specifics of each step addressed in the

foWewing paragraph.
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US Frames Cardiac CT

Cardiac MRI

\J
Temporal N
alignment
\4 '

Linear Interpolation ,

Spatial
transformation Normalized

Mutual
Information

(NMI)

Registration

%
N
l('_)(J

In I tran Voﬂtl : @earch for the optimal matching plane in CT and

4
MRm y determining anc'j;'j itioning the US image seed. The placement of the
N

S smon for the registration o

3.4.1 Spatial @rm tion

f cardiac CT and MRI depends on the selected views.

0 S analy51s selects the “Mercedes Benz” view as the seed position, as illustrated in

ure 3.5. The expert estimates and provides the orientation and location of the valve
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plane in the seed position, considering the patient's body's three-dimensional (3D) axes

in preprocedural planning for the CT and MRI volume (Rahimi et al., 2021). Y'

~

“Mercedes Benz” view

4 s? W 4 X
\mﬁ@ ed 'Ige\‘g}g’]istration

&

b& to a rigid spatial

The two-dimensional (2D) p

lanar images wi
- %%E e 895
transformation, denoted by the | ww contained G}egrees of freedom and
S

“« Q-
consisted of the following co : A%

s Aj "
1. 3D translation (i, ty,"and t;) ' §
2. 3D rotation (ry, Iy, Dd rz)\" s é)q
3.2D scalir@i Sy L g both axes of the image plane).

A

The transfo iorlvvatri }is Ituent parts are displayed in Equations 3.1-

3.3. TheyQu(ilized or yis eseareh, where i, j, and k are the coordinates of the
i’

' 4
pictm%being inpdt, ')}, % " are the coordinates that have been transformed,

ey

a Nﬁ and y are the rotatiohngles about the x, y, and z axes, respectively.

S -l

3.1)

[ab)

2

g



T = scaling X rotation X translation,

3.2)
sx 0 00 0] [cosp O —si%\
T = 0 s, 00 cosa —sina O % .0 1 0
0 0 1 0 sina cosa sinf 0 0
0 0 0 1 0 0 1
cosy —smy 0 0 1 0 0 O
siny cosy 0 0 0 1 0
“1 o o 1 o[F|o o 1_of
0 0 0 1l ltx ty 4t,
(3.3)

3.4.2 Linear Interpolation
p I C§'
Subsequently, the most common interpol techm}ue lingar in@olation,
follows the previous work mentioned by (Maes §I , 2002; Xie
CT and MRI

et al., 2003; Khalil et al., 2017a). This t@gq«/e is

planes with identical size and spatlal p05| as thw? thh cardiac CT and

MRI volumes. First, it has be e% rtl ro \sne image to the next.
Consequently, Normalized M forma MI) &é’vdetermmed as the optimal

alignment of the best chw CT and Ilpk§
: , 4

:

3.4.3 Normallze NI Ir@w é-}
N

Vs

The N at from T’m 1948) classic and profoundly influential
work. The mfor hin rete random variables X, Y, and Z, also related
:
to tra on (Equa onsé 4 {, 3 5), is described as:
N

%\ 1(X;Y|2) = H(X) + H(Y) + H(Z) — H(Y|Z),



I ] K
. _ P(xi;}’j,zk)P(Zk)
I(X;Y|Z) = z Z z p(x;, ¥, z) log (p(xi, Zk)p(yj, Zk)>'

i=1j=1k=1

As

where H(X), H(Y), and H(Z) are the Shannon-Weiner entropies oi'é&ac CTand

(Z:Rp(xi, zx), and

ges that can be

(3.5)

MRI, and US images, respectively. Meanwhile, p(x;,y;, z ),

p(yj, z,) denote the joint and marginal probabilities of th

estimated from the normalized joint histogram. Assuming 2D'interpolated CT

plane, Y is the 2D interpolated MRI plane, and Z is the"®S image, ermalized

. . . _ _ | &

mutual information metric NMI (X;Y|Z) is prese y Equation 36¢ =\
s b 4§

1

NMI(X;Y|Z) = "

(3.6)

C? >ﬂ A
where n denotes the number of fra omgthe US used in @h}registration process.

“« Q-
To compensate for thew Oli ude {.ﬁﬁr between parameters, all

transformation parametérs will be scaled to t rpn@l to 1 (except for 0 to 1 due to

. s .
ati h\& Ct oves the conversion speed and

scaling) during the, opt

performance aCCL&ParaII rocessing @en used to test the objective functions,

and the optim@b if% yp! to‘a‘sufficiently small search step. Consequently,
u

the convy, &'to } axi N ill be obtained. Both cardiac CT and MRI
% 4
W

voluma be optimized to ce a matching 2D CT and MRI image using the
N

e =

0 Md transformation found. The images will then be merged to create a composite

e with a US image as surgical guidance.



3.4.4 Optimization

In order to determine the optimal parameters for spatial transformatlw
maximize the NMI measure of overlap between pixel intensities in th(j}, an
iterative Generalized Pattern Search (GPS) algorithm was applie e image
registration problem. The GPS algorithm belongs to a class of num%'optlmlzatlon
techniques that eliminate the need to consider the gradient of the o tlve function. It

makes it particularly suitable for functions like mutual in a n, hICh cannot be

divided into multiple distinct functions in their conventi the GPS
algorithm samples points in a predetermined pa around the se]ed ‘p}sltlon
determined by CT and MRI prior to the proced ng etdl ,

To address the varying scales of pa an impr con¥2r nce speed and
accuracy, we normalized all transformatl ara e rs -1 to 1 (excluding

scaling from 0 to 1) during the optimization roé?h rt &mat parallel processing
was utilized to evaluate the & e functigns, Jand @tlmlzer iterated until the

search step became small W to ’onv t@ the highest NMI value. The
2 : [

resulting best transformation’ of % d MRI volume provided an exact

match with a 2D NR anar age. blned with US images, this image can

\
be merged to co positeimage fQL()sdrglcal navigation.

B) ~
3. 5% ion of R |stf'at|oﬁ@kccuracy
\ chieve Objective 3\%6’ establish image registration validation procedures

clinical indices for trimodality image registration, both qualitative and

Gntltatlve assessments.
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3.5.1 Qualitative Assessment

The registration of the suggested technique will be measured using the?ﬁu

registration of the gold standard. VValidation occurs in twenty patients on th@edes

1. Articulating The Alignment To The Gold Standard \,
t

Benz” short axis view.

The experts were required to complete the manual réegis ion' process, which
consisted of manually changing the transformation para rs. | ow‘complish
ing the expert’ uddﬁt%ing
ithi@' patient's

- . X
body. Aligning the US with the cardlacw d dor@smg rotation,

translation, and scaling in the x, vy, and\%)ns, and t sult Lﬁ'e regarded as the

gold standard. Note that this met S been %tr e,e@o have a localization

S
inaccuracy of less than one milli N
\ S"
\

2. The Image Q zCardJ:PCﬁ d
dim

7
ccording to the image quality of the

The experts e ated thel éﬁ
interpolated C RI i nd r the images with a score from 1 to 4

qualitative IE: %ﬂtero serve m&ge(_}u lity agreement has been represented as the
t i

this, the transformation parameters are approximate

of the orientation of the US plane with regard t

ohen s by r1893):& cardiac structure morphology on CT and MRI.
Y-v
The |ng is the summary@ﬁe score:

E\I’he rate of score 1 is expressed as outstanding image quality. The picture
Q demonstrates excellent clarity and distinction of the anatomical aspects of the
heart structure important to treat heart valves by surgery. It is also shown that

the structure viewed in both images is very comparable to the US image.
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= The rate of score 2 is expressed as good image quality. The picture provides a
good insight into the related valve treatment anatomical details. It ?ﬂo
presented that the structure viewed in the US images is similar. (ﬁ\

= The rate of score 3 is expressed as weak yet still diagnostic. T re shows
the anatomic features being poorly visible. As seen in the US, the plane tends to
be slightly off the standard valve. \,

= The rate of score 4 is expressed as bad. The image itratfs the quality of

nondiagnostic images, and no anatomical structu nd ropts elineated.
L ]
o » N4
The plane is entirely off and distinct from the arance|of t $ _{v)
4 b §

\ Y}/
3.5.2 Quantitative Assessment \, 0\ %
In order to determine the registr@racy quanti iveldsre experts utilized

US imaging to segment the aortic @55 They \tegth ;Q\and MRI planes that

N,
closely matched the anatomi tureg for omp%:'ﬁ. The Dice Similarity

Coefficient (DSC) and Hausdo D]t ce (HD) metrics were calculated on the

w),

=

contoured region to m% degr; ;%}Ihp@ the maximum distance between
o Bes des,

the registered imwpecti\ie -Altman analysis was performed to
evaluate the eement i

a\ g
registration E% thelauto e(ﬁri@ lity registration system and the manual gold

rm a&ﬁements obtained from two different

NN
standardfregistration.jThe r Fmean&uare error was computed to assess the quality of

the rmation settings. O@than that, these quantitative analyses are described in

@the subsequent sections.



1. Manual Segmentation

Accurately assessing the aorta’s mechanical and hemodynamic prw

requires segmentation, a crucial part of the process. The expert condu@nual

segmentation on the CT and MRI images produced due to manua utomatic
registration, in addition to the US images. The contouring of the aQic valve cross

section can be seen in the views of the “Mercedes Benz” sign. IMWS are vital for
ti;.
\d . X

2. Dice Similarity Coefficient | _\C}
DSC is the evaluation of the spatial ove een tw ure@égions of

Interest (ROI), following the previous work#epor byﬁou O4)aoé&|vglil(2017b).

making a diagnosis, particularly regarding aortic valve dy:

This study assesses the spatial overla %ost accur mp@‘ént between US +

CT and US + MRI. This assessme%ensitive\bovw the ‘ﬁe and position of the
o S

contoured ROl and is represen% “« Q-
N J¥ oy

(3.7) V&
O

: N i
mterpre% 4 aNdPR, ectlvé?t The US number used for registration shall be

repﬁﬁd as n. The indicﬁ;’«)n for DSC representing spatial overlap and

ré\:ibility that ranges from 0 to 1 are presented in Table 3.2.
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Table 3.2: The DSC Indications Represent Spatial Overlap and Reproducibility

Spatial Overlap of Two Contoured ROI (A and B) DSC Indications %

No overlapping =0

3. Hausdorff Distance % \ A
: N
valliatin pe

ance of medical image

HD is a widely used me% e
segmentation techniques. Simila priv ies c@ucted by Khalil (2017b) and
c i

Karimi & Salcudean (20 is techniquelwill bbmployed to quantify the spatial
F 4 's
distance between twws aiﬁe con@)int& The HD is defined as follows:
& H ax@ﬁ/, B),H(B, A)),
(38) (\: / ?}:' S

"é In Equations 3.8 and 3.9, the function h(4, B) is described as the directed HD

dm Ato B, in which A and B are two collections of contour points in the US + CT for

US + MRI, respectively. It identifies the mutual proximity between two ROIs by
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designating the maximal distance between any point of ROI to another ROI. Note that
HD is one of the most informative and valuable criteria, which is becoming an irw
of the most massive segmentation error, mainly in this study. ('}
When comparing three modalities, the DSC and HD metrics evalﬁébgw similar
or different the aortic is in area and shape. This indirectly measures ‘the registration's
accuracy. Although the clinical goal is to merge 2D US with inter ed planes of CT

and MRI, these 2D measures of aortic valves are consider n]easurements for

testing the registration accuracy of the proposed techniq \d
L ]

4. Bland-Altman Analysis
The Bland-Altman analysis was pr d

0
This analysis compares the agreem erived fr

diameter measurements. The aorticﬁ'ﬁseter wa

and MRI planes automatically %uall)ﬂ Apa aomcgga the annulus diameter is

calculated for the aortic va N

cirgle di m“&er of the annulus valve. It is

HO

in ﬁbsignpost view “Mercedes Benz”.

gslstency of diameter values from two

they aligned.

rder to perform a qt@étive analysis of the transformation parameters, the

\Iean Square Error (RMSE) was calculated to assess the similarities and
ifferences between the manual and automatic registration processes for each
arameter. Equation 3.10 defines the specific calculation for this metric.
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(3.10)

N
1
RMSE = j:Z(tm —t,)>.
E \ 4
=1 \
In Equation 3.10, t,, is a parameter for transformation (whichﬂ&be either
translation, rotation, or scaling) acquired from the manual registration%rformed by an

expert. Subsequently, the corresponding transformation para@t the suggested

algorithm has produced is denoted by the letter ¢,. é l
I NY.





