CHAPTER 4

RESULTS AND DISCUSSION (,}

The integration of Computed Tomography (CT), Magnetic R ce Imaging
(MRI), and Ultrasound (US) has the potential to offer compl%ﬁ information,

enhancing the evaluation and display of compre an'!tructural details.

Consequently, valuable insights are derived from all t 0 iti&f?wtegration

addresses the challenges of synchronizing the tempokal aspects and spatial ofi&)iﬁﬁon

of moving heart images. Subsequently, this chap resents ;i llection Q@htcomes

ue. hg\w/egistration

obtained using the recommended automatic regtratio M

functionality of this technique has been VWH
patients. Section 4.1 presents the resuhe enqq

oIvng enty recruited

'stritig?of US images and

the most reliable matching of CT ml pﬁ : e res@/s&specifically include the
9 Q
identification of the “Merced«&i ” indication/observed/in the images of the aortic

N

'S

the best matching plane obtained

O
o
=

valve. Y '
In Section 4.2, a coﬁ&risog{
through the sug@eth J and_the ou es of manual gold registration. The

N
manual segmehtatiop of CTea I aq;&i is presented in Section 4.3. This process

involves d%&ﬂg the Contoursiof t rtas manually. Section 4.4 provides the results
b o

of co ns for tric‘;Lr S%R"as the Dice Similarity Coefficient (DSC) and
% S
Hw Distance (HD). l\h'te that these quantitative measures are calculated

tly for the contoured region of the acquired aortic valve view. Section 4.5 reports

0 measurements of the diameter of the aortic valve, along with an analysis of Bland-

Altman plots. Section 4.6 presents each transformation parameter's Root Mean Square



Error (RMSE) and other quantitative error analyses. Lastly, Section 4.7 shows
registered images of the US with cardiac CT and MRI from two separate patients.?!e
images demonstrate the successful registration of different modalities, hig@g the

potential of the suggested method for integrating multiple imaging teclﬂ&.

4.1 Trimodality Automatic Image Registration Results
The integration of US, CT, and MRI in cardiovasc 'gging' offers valuable
baseline data that can aid in decision-making processes ro 'dWrehensive
Ay
a propose nt'sni'kf-y\)based
om% for@-c')n to the
X ..
sfonYatl allow e US images

to be aligned with the surrounding ar the/cardiac C M@olumes, enabling

the identification of the most suitab tching cardi $T @RI planes.
N
utoma

Table 4.1 presents five %es 010 a ic ir@ registration using the
&
iMmages dis

trimodality approach. The an RI p@ in the table were generated

using the suggested ted registratio te’chwhje, while the US images were
’ 4 F &
rafization

obtained through t wl synf . Thefusion of US, CT, and MRI images
'1&9

becomes possib the

assessment of disease spread and characteristics.
registration algorithm, this research applied a figi

two-dimensional (2D) planar US images. This tr

egis@dn algorithm, providing a comprehensive

visualizatio 5@ cardiovas ar"stréﬁes. This integration enables clinicians and
S tot

NN
alyzg and Iprpre data more effectively, aiding in understanding

researc
dise nd facilitating more{igdrmed decision-making processes. The examples in
\.1 illustrate these different imaging modalities' successful alignment and

ing, highlighting the potential benefits of trimodality image registration in

ardiovascular imaging.



Table 4.1: CT-MRI-US Automatic Registration Results of The Aortic Valve Sign

Computed Magnetic Resonance

Patient  1omography (CT) Imaging (MRI)

“Mercedes Benz” on Five Patients
Ultras K:S)

-
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4.2 Manual Registration Results
To validate the accuracy of the automatic registration algorithm, experts fw

Radiology Department at Hospital Serdang, Selangor, Malaysia, conduct@nual

registration process. These experts possessed extensive anatomical knoW‘l&g and were

well-versed in the field. Q

During the manual registration, the experts discoveredy that manually
manipulating the transformation parameters could achieve ;:il ity between the

interpolated CT and MRI images and the 2D US ima he r SUWS manual

'Y
registration process are presented in Table 4.2, e first ro ir‘ji@ the
automatically registered CT and MRI images a cond réwsdi ayin@é CT and
MRI images that an expert manually registered. 0\ >

The comparison between the ailDegiStere

and@ images and the

automatically registered ones reve at bot \beghi t@‘similar features when
0 \
visualizing aortic structures. | ords, the apr strqg‘&ares in the automatically

&

registered CT and MRI i }Qoselr sembled @ in the manually registered
images, as observed b%trt. y Vj“l 0
&
\§h=a on proeess served as a benchmark to evaluate

In conclusion wnanual
the accuracy Of@mat' istration eéﬁfithm. The experts achieved comparable

!

¢

results thro %ual ani tiJn @nsformation parameters, and the automatic
N

registra@ﬁhm ?rated%milar level of accuracy in reproducing the aortic

stru observed in the ma Lm’.}'égistration process.

3
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Table 4.2: An Observation of The Difference in “Mercedes Benz” View CT and MRI
Scans Registered Automatically and Manually

Types of

imaging Computed Magnetic Resonance
Types of Tomography (CT) Imagi

registration

Automatic

Manual

q
The image quality of th&&olat%:j MRA ges was assessed for both

automatic and manual regi W usin# Co st \cs Out of the total number of
images evaluated, 100%Were ops ag:geﬁrrts in 93% of the cases. Among
these agreements es (5 %)\re rate ('grade 1, indicating outstanding image
quality, while ge 46%) wer dr grade 2, indicating good image quality.

None of t S as sse?t |$&e’quallty as grade 3 (poor but still diagnostic

lmage or grade m@e quality). Note that significantly high agreement
lue of 0.858 was o&%?/ed in the overall image quality assessment across all

‘éents It indicates a strong level of agreement between the automatic and manual

Orstratlon methods in terms of image quality.



4.3 Manual Aortic Segmentation

Figures 4.1 and 4.2 illustrates the outcomes of a manual segmentation te
employed in image registration. This method was used to segment the aorti eon
CT and MRI images. The segmentation results were obtained through roaches:
manual and automatic registration. In the images, the segmented contadrs of the aortic
valve cross section are highlighted in green and can be obﬁe}cithin the views

resembling the shape of a “Mercedes Benz” sign.

Registered Manual CT (left image) and rig i#hsggd
@

c'j
re 4.1: Manual Segmen%ﬁon of The Aortic CT and MRI Images from Manual
Registration
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Registered Automatic CT (left image) and MRI (right image)

Figure 4.2: Manual Segmenteﬁqg I Images from Automatic

Y’ Registrati
4.4 Results from The C&put&t@b‘ze
In order to \e raq@n premﬁw quantitatively, DSC and HD metrics

were calcula(d') le 4.3 s riz Qrﬁe DSC and HD values of the shared

characteri Qﬂntlflev) S ﬁj CT and MRI planes. In short axis “Mercedes

Ei ews, DSC Values @ similar between US-CT and US-MRI, at 0.92 (=
0 n

d .92 (£ 0.04), respecﬁely If the DSC value is greater than 0.7, the contoured
‘% the images shares a significant overlap in area size and location. A higher DSC
Oue indicates a better agreement in terms of size and placement between the two

compared contours, leading to more precise segmentation outcomes.



HD was similarly calculated between the two pairs of registration, with the first
pair having a value of 1.49 (x 0.20) mm and the second pair having a value ofw

0.19) mm. Given the substantially larger field of view generated by b@gmg

modalities, for example, 0.7 x 0.7 x 0.7 mm for CT and MRI volume a 0.6 mm
for a US plane, this registration error of roughly 6 to 7 pixels is accem Other than
that, all patient data sets were satisfactorily segmented, and US- %T a S-MRI present

good similarity and minimally dissimilar contour shapes.

Table 4.3: Calculation of DSC and HD Values Bet

DSC
Patient US-CT (Mean* US-MRI (Mean
Std) + Std)

1 0.76 + 0.03 0.78 + 0.05 0.M.
2 0.85 + 0.03 0.83 0. 138 +0.21
3 0.89 + 0.04 0.88 2,0 4, 1.33+0.07
4 0.90 + 0.02 0.91 & . O 136032
5 0.91 + 0.05 92+ 0.02 3 1.39 +0.42
6 0.91 +0.04 + 0103 >Zi 1.35+0.12
7 0.92 + 0.06 92%0.03" 3 @7 1.40 +0.01
8 0.92 +0.04 \% +0.04 A0X0. 1.38 +0.05
9 0.93 +0.03 1+003 1.44.+ 0.04 1.43+0.18
10 0.93+0. q 0.91 iﬁ. | ﬁ +0.20 1.45 + 0.22
11 0.93 + o.%) 0.95£0.05 » ke 42 +0.16 1.36+0.10
12 0.93 + % 9450003 (/144£0.11 1.49+0.16
13 0.94 £0. 0924004 < 147x025 1.50 +0.21
14 0.94'+ 0 +0.04% 150%0.09 1.48 +0.04
15 94 1Q. b @_% 1.53 +0.02 1.50 + 0.04
16 % 0.03 0 154+0.12 155+ 0.12
17 %1 0.0 1.57 +0.14 1.55+0.10
18 % 5+ 00 1,58 +0.21 157 +0.18
19 .95 +0.02 +0.05 1.96 + 0.32 1.90 + 0.29
0.96 + 0.02 \°@.95 +0.03 2.08 +0.25 2.10 +0.30

0.92 +0.04

1.49+0.20

1.49+0.19

:% I 0.92 +0.05
0 The registration was performed independently between the US-CT and US-MRI

for each patient. To expand our research into trimodality approaches, we used both US-
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CT and US-MRI to compute DSC and HD graph values. This allowed us to discover
whether the accuracy of US-CT and US-MRI is consistent between the tw?ﬂc.

Figures 4.3 and 4.4 illustrate two different graphs of DSC and HD, respec@
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0: Figure 4.4: HD Between US-CT and US-MRI
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4.5 Bland-Altman Analysis

Both automatic and manual registration of CT and MRI images were ?ﬂo
measure aortic diameters. The Bland-Altman analysis assessed the degree @ment
between the automatic registration method and the gold standard manﬂAggistration.
This graphical method allowed for visualizing the difference Wn the two
measurements relative to the mean of the identical measurer1§r1t_s\,.«ghlighting their

l

Figure 4.5 displays a Bland-Altman plot illustratingva,favor bIe\ag@ent in the

disparity.

aortic valve annulus diameter measurements obtai om bath rTiati y and
manually registered CT images. The range of vasiati

valve diameter was approximately -0.31 iw o

range of approximately -2.39 to 3.01 r\)
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re 4.5: Diameter of The Aortic Valve as Measured by CT scans, With 95%

0 gi'ts of Agreement (Blue Dotted Line) And Bias (Red Line) For Both the Automatic

and Manual Registration Methods
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In contrast, as portrayed in Figure 4.6 below, the mean difference for aortic valve
diameter measurements was determined to be -0.10 1.50 mm, with a limit of agr
of around -2.85 to 3.05 mm. The CT and MRI scans displayed no substanti@n the

Bland-Altman plots, indicating that the registration procedures were a
b

Aortic annulus diameter for automatic and manual MRI images
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Figure 4.6: Diameter of The ;c Msuneﬁ{ﬁy MRI Scans, With 95%
Limits of Agreement ( otted Ling) And Bias*(Blue Line) For Both the
Acma and Manual Regis n Methods

Ny
46 Root Mean&h&e Errgr %
&
The RM as ¢ |Cli a eac@ansformation parameter for quantitative

&

{
s

analysis. T@' and/4.5 arizesthe statistical deviation from the ideal values

of the Waﬂon{) etérs b@en automatic and manual registration of CT and
. 5 N

M US. The RMSE anslation of US-CT and US-MRI is between 0 and

2 and between 0 and 2.13 mm, respectively. It is almost equivalent in magnitude
O e resolution of cardiac CT and MRI using the US, which is between 0 and 5 pixels.
Note that the angle difference between the two is less than 3, and the least scaling

difference was recorded.
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Table 4.4: Difference in RMSE Between US-CT Automatic and Manual Registration
for 20 Patients

. Translation (mm) Rotation (°) Sc%z
Patient # Atx Aty Atz Aa AB Ay As% y
1 0.07 0.14 0.02 0.03 0 0.16 % 0
2 0 0.06 0.42 0.11 0 0.22 0
3 158 0.04 0.03 0.24 0 0.49 0
4 0.23 0.05 1.70 1.79 0 0 F\io 0
5 017 0.23 0.01 0.03 0 0.1 0 0
6 042 113 0 0.45 0 0 0
7 1.7 0.07 0.06 0 0 0 0
8 022 210 0.78 0 2.10 0 0
9 0 1.13 0.01 0 0
10 0.03 0.27 0.06 0
11 1.7  0.04 0 D
12 0.02 0.01 0.22 0
13 191 0.13 0 0
14 0 0.02 0.07 0
15 0 0.28 0.01 0
16 042 113 1.70 0
17 014  2.09 0 0
18 0.03 0.07 0.42 0
19 022 205 0. 0
20 0 0.04 0




Table 4.5: Difference in RMSE Between US-MRI Automatic and Manual
Registration for 20 patients

. Translation (mm) Rotation (°) Sc%z
Patient # Atx Aty Atz Aa AB Ay As’% y
1 008 024 0.02 | 0.10 0 0.16 | O. 0
2 0 0.08 030 | 0.02 0 0.14 ‘_'g'}\ 0
3 158 005 004 | 114 0 0.07 0
4 013 0.02 095 | 0.39 0 0.02 ?o 0
5 017 019 0.3 | 0.03 0 )0 0
6 040 113 0 0.45 0 0 0
7 1.65 0.05  0.02 0 0 0 0
8 022 213 078 0 2.1 0 0
9 0 113 0.01 | 043 0 0
10 003 027 006 | 0.03 . s 0
11 07 104 0 0.24 0.4 P, A
12 002 001 007 | 178 o] @0 A 70
13 1.80  0.20 0 0.02 0.1 0w O
14 001 012 0.2 N 0
15 0 028  0.01 i 0
16 042 104 160 : ~0.01 0
17 014 210 0.2 0 0
18 0.02 009 042 0 0
19 021  2.05 0 0
20 0 0.08 0 0

4.7 Trimodality US-CT-MB\JSio N
The US and the i@;ed bestL

4 2
to guide surgeries.wae sei \Ng |stereé(fi%ages from different patients are

demonstrated in,Fig 4.7,4:8.and4.9. ?I-@#e examples present a composite view of
¢

atching p@p of CT and MRI were combined

!
us, CT, and V\cl‘\)nage from& short Ci(}(i?“Mercedes Benz” sign perspective. The US

N
image sefves as the jvebe_rszfe' or-=fixed" image, while the CT and MRI images are
considered the "target” or "mo Timages. The green and red images, derived from

s 2y
%a MRI, respectively, represent the moving images. Meanwhile, the blue image
froma the US serves as a reference for the other two. Each figure precisely shows aligned

Qﬂtic valves. The proposed registration approach accurately aligns the images required
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for clinical applications, as confirmed by an expert's visual evaluation of overlapping

cardiac structures.

Figure 4.7: Registration Result of US, CT, an
Sign Vie

N

Figure 4.8 R@ d MRI on Patient 2 at “Mercedes Benz”
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Figure 4.9: Registration Result of US, CT, and MRI 0

Sign View ;
4.8 Major Findings of The Study

Fusion imaging is increasingly used ta,guid nte n al oper s. Strategies
generally focus on combining US m@ additio oda@!, such as cardiac
CT and MRI. A trimodality |mag| stem ¢ Wy L{ﬁs images in real-time
(Liang et al., 2014). Hence, C nd MRI pr. ure@%essential in diagnosing

%

cardiovascular-related dlse Ses. ossLs ear ages benefit the physician

because they provide @ nato
impossible due to t gh radl nzalez et al., 2008; Sun, 2013), and
MRI requires extended \ew:nR acquisition. Meanwhile, US imaging

provides real ‘@mag g of e In%aré:qjcture allowing the physician to assess the

ali or'ma.@q However, real-time imaging is

anatomigal thﬂ? ‘gmod@'mc changes. Nevertheless, the constraint of the

Us&to the limited Field Q&Vlew (FOV) and low-quality details in the images

( n et al., 2013; Otto, 2007)

: A fusion of the three modalities compensates for CT, MRI, and US limitations
d

will help the physician obtain complete information. This fusion can be used as a

guided image intervention during heart treatment. US-CT-MRI merging for
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cardiovascular application could provide additional baseline data that could aid in
decision-making to evaluate the spread of the diseases. To aid in the treatrw
Cardiovascular Diseases (CVD), especially aortic valve dysfunction, a@%\tion

framework has been presented in this study. This framework fuses t ensional
(3D) cardiac CT and MRI images with 2D US frames. In addition, theycan be utilized
as a tool for intraprocedural navigation in treating CVD. \)

Since all imaging modalities provide images with va mlrg latencies and

temporal resolution, this study conducted temporal registration to ywe US with
3

erformed on the @;age

re@ esse@é amount

of speckle noise in the final product. CW ntly«a\the pert @Vg evaluation

cardiac CT and MRI images in time. Preprocessin

frames interpolated from the time series echoca

confirms that the suggested temporal régistration metho sucéffully synchronize
the temporal sequence of US imagec0 \T ,<\
N,

The proposed method is or th% datazthat w. eviously collected at the

moment. In the temporal re?e; n I Ss, iwas @vered that the automatically
mat th

registered CT and MR%

from a time series &Qﬁ. It V\‘a
Furthermore, tw ed

ndard regi atf'on(_rjn thod, manual registration. Automatically
NN

ch r résp@ve US views, which were taken

4 ’ &
\m\ 0 Co e the automatic registration process.

with the S

register%a MRI.pl Weret:Ensidered by the expert to be visually consistent

Wit@ally collocated CT @RI planes with regard to the appearance of cardiac

structures. Visually and quantitatively assessing the aortic diameter between the
espective interpolated planes, the automatically registered CT and MRI images have
emonstrated good agreement with the CT and MRI images manually selected by an

expert.



The proposed approach is currently being applied to retrospective data. VValidation
results suggest that the proposed technique has a high level of accuracy for idew
CVDs, particularly those affecting the aortic valve. According to C@Vdata,
observers strongly agree regarding the overall image quality for all ﬂ& patients.
Besides, the DSC values that were recorded were higher than 0.7. It R.'cates that there
is a significant resemblance in terms of size between the cont WI in US-CT and
US-MRI images. A high value for the DSC measure ind OV;

t'e segmentation

findings are accurate if the two contours being com arejal

‘size and
T

e reparte is gﬁwp t the
ab%éi even\e‘;fels. It is

igni"\can larger, Vz~thanthe 2D

UsS; for example, 0.7 mm x 0.7 mm Mafor aCT RI @%‘ne, and a 2D US
plane is 0.6 mm x 0.6 mm. Cf) \T ,<\

N,
The Bland-Altman plots% that't‘he d ter @surement of the valve’s
annulus, derived from auto h«/

aT
a reasonable agreeme n the itwo datd s'sb' In addition, the RMSE of the

P b o &
translation, rotatw sca|l' \a etegaﬁ US-CT and US-MRI was small.
inf

position. In contrast, the distance inaccuracy indicate
same as the resolution of CT and MRI in th

tolerable because both imaging methods prowide

Sﬁ}red CT and MRI planes, has

Furthermore, t atio ma@'fmodality US-CT-MRI images provides
¢
is vastly m &a’xpli ntar haﬁ @ odality working alone. These validation
% NN
outcom% straté Msing&uracy of the suggested technique for navigation

thromﬁt the treatment pr@‘re and enhance image-guided systems for CVD,
p%kg rly in Transcatheter Aortic Valve Implantation (TAVI) and Transcatheter
ic Valve Replacement (TAVR) operations. They rely heavily on a clear picture of

& heart's anatomy, and the proposed approach has proven successful.
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In order to facilitate the guidance of TAVI and TAVR procedures, a novel image
registration framework for information fusion between 2D US, 3D cardiac CT, awkl
was introduced in this study. For a quick and precise evaluation of the @alve
structures in the “Mercedes Benz” perspective, the suggested registratAgtem aims
to create a spatial relationship between the anatomical and functiom'ata found in

different types of imaging. Note that these details are essential rwrative planning
apy |

and may help lower the risk and morbidity of the 'n‘ervention. The
interpretability of intraoperative 2D US images has n di OM enhance

'Y
significantly inside the high-quality dynamic 3D an@hal context reﬂ l}@l’ and
4
<

MRI imaging. \
Y. XN

g@:d that compares US
N,
images with CT and MRI ima repoﬂed distance , specifically in terms of

HD measurement, was be hQ +)01
Table 4.3. It means th istration method
4 b 4

7
1.49 mm, with a s'%ilariatim'. \ %(J
The obseryed error ca E:tﬁ te(t‘tsféarious factors. One factor is the spatial

¢

u
SN LSS
registration &)/hen ligni Ugir@g s with CT and MRI planes. These errors can
NN

e pos&ning and orientation of the imaging devices.

t'thh'l\@;zt.'. f th tructure imaged by US, CT, and

ctor is the physica ions of the same structure imaged by US, ,an
\

%\i'nce each imaging modality captures images using different principles and

iques, there may be inherent differences in the appearance of structures. Lastly,

&
e manual delineation of cardiac structures for comparison can introduce variability,
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as different individuals may have slightly different interpretations and techniques for

delineation. Yv

It is important to note that no similar study with comparable@was

established in the existing literature up until June 2023. Therefore, t ted error
values in this study cannot be directly compared to those from other stydies. However,
the study did include a discussion and presentation of a coqiw of registration

accuracy based on distance error with some related wor C diacl registration, as

Wding the

for u
“AY
performance of the registration method with @:proac S 'cdss@ the
4
%y

literature.
In their study, Huang et al. (2009) reperted,a Ta 'stratigé;z:or (TRE) of

1.7 + 0.4 mm when registering Zwages to Céﬁsing a phantom.
Additionally, Lang et al. (2011) deﬁhjed a reg\akM f m@vork to align US with
E% 5 -3

presented in Table 4.6. It provides a point of re e

CT scans, which yielded a TR 0.45 mm specificatly-for the aortic root. On the

&
other hand, Khalil et al. (2@0p1 registratio meworks for US to CT and
reported a TRE of 1. mm specifi allil @he aortic valve. Note that these
’ 4 &
studies employed optical tracﬁ]:é sin &u registration frameworks, except for
Khalil et al. (2017b)NDespi 'sen@( an optical tracker for the registration
¢
process, the %ed registratign Pﬁe g('j)in this research demonstrated a lower TRE

N

than W?‘% en repart 'p prew&m‘, studies in the literature. Table 4.6 summarizes

Y-
the g&mt studies, highligh@fheir respective Regions of Interest (ROI) and the

r differences in distance error compared to the current study conducted using
d nd CT. According to the information provided in Table 4.6, it is evident that the
roposed approach exhibits a slightly different and reduced distance error in comparison

to the findings of other studies.
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Table 4.6: Differences in Distance Errors Among The Studies Conducted Using US

and CT
Type of Research studies Region of interest DistancehQZ
study (
(Huang et al., 2009) Phantom 1.%+0
Previous (Lang et al., 2011) Aortic root 45

(Khalil et al., 2017b) Aortic valve + 0.04
current |GG ~Aotic valve 9 +0.20

Meanwhile, there is no any comparative study in the litégature that specifically

investigated the fusion of the US with MRI to evalu ortic I!/e. etheless,

the study did discuss and present a comparison egistration accuracy T)é;éﬂ' on

/

distance error, drawing from other research on cardiac registration that em@h/ed us
and MRI. One such study by Huang et al. (2005 iE 0pos \net od f ﬁQEllstering us

)
and MRI images of a beating heart. Thx holds promise for@hancing the ease
disea eII

and precision of diagnosing cardiac

|I|t&t g surgical planning
and guidance. The study reported a geﬂl%y r 0@86 +0.40 mm. Although

this result is smaller than the bserve in_the cur &Sﬁ( study, both results remain
reasonable outcome. T rOVId eiw the related studies, the region
of interest (ROI), and the I orte dé @Ilowmg for a comparison with the

present study tha@ed L@

Table 4.7: f es in i

L N,
Typedf ﬂeﬁa@ studies  Region of interest Distance error

(mm)
N,

Beating Heart 0.86 + 0.40
surgeries. However, integrating data from different imaging modalities, such as CT,

Aortic valve 1.49 +0.19

Clinical Significance of The Research

Cardiovascular imaging plays a crucial role in diagnosing and planning cardiac
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MRI, and US, is essential for accurate diagnosis and effective preoperative planning.
Image registration, specifically the trimodality registration of CT, MRI, and US I ,
holds significant clinical significance in CVD. (ﬁ\

Modern imaging technologies like CT and MRI provide high-q images for
assessing cardiac structure and function. However, there are limitationsgn terms of real-
time capabilities and cost. These technologies are not always readily available and
require specialized facilities. On the other hand, the US t

bI1 and affordable

imaging modality that enables real-time imaging. Ho , thelpr of speckle
L ]

noise in US images makes interpretation challenging. l _\‘—}
Combining preoperative cardiac CT mages wi igh{c}ﬁrast and

an
detailed information with intraoperative 2 [ gesvTa iagno@;z:nuch easier.

The trimodality approach of US-CT- i ca be high fect@‘m cardiovascular

treatment, particularly in guidance Q%AVI @( :
%ﬂ szi

S
associated with using a single i ty. q (3.

The most common ar@lalj invas the@ic modalities recommended
s indlude

[
for patients with aort disorders inglu @'US, cardiac CT, and MRI. By
4 $ &
\m dal

leveraging the avaQes of\|:§ i%and combining them through image

registration, pw cam_i ve @?accuracy of diagnosis and enhance
¢

preoperativ ng for car va's

N
image r% n halds premise fo@proving patient outcomes in treating CVD.
% 3
9

4. imitation of The Research and Suggestion for Improvement
Q Several limitations were identified in the research and are outlined in the
bsequent subsections. Additionally, suggestions for enhancing these existing

limitations are also presented.

Qvereomes the limitations

O -

tlg)mterventions. Other than that, trimodality



4.11.1 The Heart as A Solid Structure

It is widely believed that the heart remains rigid and undergoes periodic
throughout the imaging process. Hence, the current techniques employ a@aﬁal
transformation in the registration process. This approach is comm tilized in
clinical practice and is deemed acceptable for achieving accurate diaggoses. However,

it should be noted that while this assumption holds in certai SMI scenarios, the
t ‘ ,

heart is, in fact, a nonrigid and dynamic structure (McLe i 2('02). During the

pumping cycle, the heart naturally undergoes deformation. Besi ctors like
L ]

respiration, pressure from probes, and surgical ins nts on!the ir‘ c@rther
contribute to heart deformation. These factors c)ﬁm thKoeu f rea@ﬁ\e image

o o ) o
registration during imaging.
Despite relying on arigid spatial %)wation, t os@%istration method
has shown promising accuracy in Mion resu\n%i jQ\,uitable approach for
N

guiding surgical procedures. T%s the‘?ssue eart rmation, it is suggested

that the registration techni eXenla e inco@rating nonrigid registration
methods. However, it i%w nt to ::‘ bsg }hﬁts@ﬂ an improvement may introduce
el &

additional compl%he @ pro%;nd potentially affect the registration
speed. &
\ P ' C!?(J
Regardi poral regi aﬂ'on(-a} inear interpolation technique aided by the
: NN
0

Electro m (EC igpal Waéa'nployed to synchronize US with cardiac CT or

e

MRﬁmethod proved pra@ in cases where there were no significant variations

i rate during the imaging sessions. However, in scenarios where substantial

@ ges in heart rate occur between cardiac procedures, it may be necessary to employ

nonlinear temporal scaling of the ECG to achieve accurate synchronization.



4.11.2 Seed Placement
The proposed method depends on having prior information on the appr

position and orientation of the 2D US image concerning the patient's bo@a
The clinician typically estimates this information during treatment plamefore the
surgical procedure. If the physician inaccurately positions the initi¥a'ne (seed), it
could compromise the accuracy of the final CT and MRI pl W/ed through the
optimization process. Moreover, the expertise of medical q?Za's influences the
precision of this seed placement in understanding how iews are d from the
patient. Consequently, specific physician training be negess t‘ @ this

registration technique in a clinical setting effec

Based on our present findings, the int oI d CG\an RI pla@s’exhlblt a low

area similarity (measured by DSC) ar@cam diffe e (measured by

HD) compared to the US |mage T jeve r%e?d aceT ent physicians must
5. 0
deeply understand how US V|e qu r@d fro e p((/a@ts body. Factors such as

probe manipulation, patien nln atomieal arlatlons can affect the US

image's appearance a% tation. w S|C|ans may need specialized
see

training and expe;%nsure' |on|ng during the procedure.
The suc the |on technique relies on the careful
coordmaﬂoE: n th cI|n| n‘g lgcj\aedge and expertise, accurate estimation of

the initi% ane, ahd s

tec can be effectively i ”k ented in clinical scenarios, improving accuracy and

quen@tlmlzatlon steps. Considering these factors, the

r \y in image fusion and treatment planning.

N
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4.12 Proposed Enhancements for The Current Technique

To enhance the proposed registration techniques for US, CT, and MRI,TUI
additional processing steps need to be implemented. For temporal registra@}ases
where the heart rate remains relatively consistent, temporal synchro between
US and cardiac CT/MRI can still be achieved using linear interpolat%s.sisted by the
ECG signal. However, if there are substantial variations in heart rate’between cardiac
procedures, a nonlinear temporal scaling of the ECG wi ess'ry. Figure 4.10

illustrates the new approach incorporated into the te al re isWrocess to

X
enhance the current study. é , _\C}
0 4
¥
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During the spatial registration process, which involves aligning the US frame with
cardiac CT and MRI, an improved technique for real-time imaging can be achi?w
utilizing a hybrid registration method. This hybrid method combines both f@ased
and intensity-based schemes. By leveraging the feature-based app an initial
estimation of the seed placement for the valve plane can be obtained, f@llowed by fine-
tuning using intensity-based registration techniques (V N, 2019). This

o

combination allows for a more accurate spatial alignme al\ces the overall

effectiveness of the proposed registration technique. ‘\d
@
¥
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