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LESION LOCALIZATION IN AN ORGAN

Technical Field

The present disclosure generally relates to lesion localization in an organ. More
particularly, the present disclosure describes various embodiments of a
computerized method and a system for localizing a lesion in an organ of a subject,
such as a tumor in a liver of a person, using ultrasound and computed tomography

image representations of the organ.

Background

Liver cancer is the sixth most common cancer worldwide and some statistics indicate
that there are approximately 782,000 new cases diagnosed globally in 2012.
Surgical resection of liver tumors is considered as the gold standard for treatment.
About 20% of patients diagnosed with liver cancer are suitable for open surgery. An
alternative treatment for the other patients is ultrasound (US) guided radiofrequency
ablation (RFA). Because an ablation size is relatively small, multiple applications of
RF waves are required for ablating the liver tumor. However, gas bubbles or
bleeding resulting from the initial applications may reduce visibility of the liver tumor

on US images subsequently, thereby decreasing the ablation efficacy.

Image fusion or registration of intra-intervention US images with pre-intervention
computed tomography (CT) images is able to improve tumor localization during RFA.
However, there are difficulties due to respiration, pose position, and similarity
measurements of US and CT images. US and CT have different principles of
imaging, which results in difference appearances of the same organ. In addition, the
field of view of US images is limited and an US image usually acquires little details

within the liver, while a CT image is more detailed.

Reference [16] describes image fusion of three-dimensional (3D) US images with
3D-CT images. The 3D-US images may be acquired using a 3D-US scanner,

reconstructed from a series of two-dimensional (2D) US scans, or simulated from the
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3D-CT image. However, 3D-US scanners are not widely available in hospitals or
other medical facilities. Moreover, 3D-US simulation and reconstruction are
complicated, time consuming, and prone to errors introduced by clinicians. The use

of 3D-US images thus presents challenges in localization of liver tumors.

Therefore, in order to address or alleviate at least one of the aforementioned
problems and/or disadvantages, there is a need to provide an improved system and
computerized method for localizing a lesion in an organ of a subject using US and

CT image representations of the organ.

Summary

According to an aspect of the present disclosure, there is a system and
computerized method for localizing a lesion in an organ of a subject. The system
comprises a transducer probe for acquiring a two-dimensional ultrasound (2D-US)
image representation of the organ; and a computer device communicable with the
transducer probe. The computer device comprises an image registration module and
a localization module configured for performing steps of the method. The method
comprises performing: a first image registration operation for determining a rigid
transformation matrix based on alignment of the 2D-US image representation and a
three-dimensional computed tomography (3D-CT) image representation of the organ,
the 2D-US image representation acquired from the transducer probe; a second
image registration operation for refining the rigid transformation matrix based on
image feature descriptors of the 2D-US and 3D-CT image representations; and a
localization operation for localizing the lesion relative to the transducer probe based
on the refined rigid transformation matrix and a 3D-CT position of the lesion in the

3D-CT image representation.

An advantage of the present disclosure is that localization of the lesion in the organ
is improved by using the 2D-US and 3D-CT image representations and refinements
to the rigid transformation matrix. The localization may be performed in collaboration
with an image-guided intervention procedure such as radiofrequency ablation to

target the lesion for more effective ablation.



10

15

20

25

30

WO 2020/046199 PCT/SG2018/050437

A system and computerized method for localizing a lesion in an organ of a subject
using US and CT image representations of the organ according to the present
disclosure are thus disclosed herein. Various features, aspects, and advantages of
the present disclosure will become more apparent from the following detailed
description of the embodiments of the present disclosure, by way of non-limiting

examples only, along with the accompanying drawings.

Brief Description of the Drawings

Figure 1 is a schematic illustration of a system for localizing a lesion in an organ of a

subject.

Figure 2 is a flowchart illustration of a computerized method for localizing a lesion in

an organ of a subject.

Figure 3 is a flowchart illustration of a calibration operation of the method.

Figure 4A is a flowchart illustration of a first image registration operation of the

method.

Figure 4B is an illustration of a 2D-US image representation.

Figure 4C is an illustration of a first aligned image representation from fiducial-based

alignment of the 2D-US and 3D-CT image representations.

Figure 5A is a flowchart illustration of a second image registration operation of the

method.

Figure 5B is an illustration of a second aligned image representation from feature-

based alignment of the 2D-US and 3D-CT image representations.
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Figure 5C illustrates multi-modal similarity metrics of the 2D-US and 3D-CT image

representations.

Figure 6 is a flowchart illustration of a localization operation of the method.

Figure 7 is an illustration of a pseudocode of the method.

Figure 8A are illustrations of the 2D-US and 3D-CT image representations and

multi-modal similarity metrics for an inhalation phase.

Figure 8B are illustrations of the 2D-US and 3D-CT image representations and multi-

modal similarity metrics for an exhalation phase.

Figure 9 is an illustration of a performance comparison table of the method against

other known methods.

Figure 10 is an illustration of an ablation apparatus.

Detailed Description

In the present disclosure, depiction of a given element or consideration or use of a
particular element number in a particular figure or a reference thereto in
corresponding descriptive material can encompass the same, an equivalent, or an
analogous element or element number identified in another figure or descriptive
material associated therewith. The use of “/” herein, in a figure, or in associated text
is understood to mean “and/or’ unless otherwise indicated. The recitation of a
particular numerical value or value range herein is understood to include or be a

recitation of an approximate numerical value or value range.

For purposes of brevity and clarity, descriptions of embodiments of the present
disclosure are directed to a system and computerized method for localizing a lesion
in an organ of a subject using ultrasound and computed tomography image

representations of the organ, in accordance with the drawings. While aspects of the
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present disclosure will be described in conjunction with the embodiments provided
herein, it will be understood that they are not intended to limit the present disclosure
to these embodiments. On the contrary, the present disclosure is intended to cover
alternatives, modifications and equivalents to the embodiments described herein,
which are included within the scope of the present disclosure as defined by the
appended claims. Furthermore, in the following detailed description, specific details
are set forth in order to provide a thorough understanding of the present disclosure.
However, it will be recognized by an individual having ordinary skill in the art, i.e. a
skilled person, that the present disclosure may be practiced without specific details,
and/or with multiple details arising from combinations of aspects of particular
embodiments. In a number of instances, known systems, methods, procedures, and
components have not been described in detail so as to not unnecessarily obscure

aspects of the embodiments of the present disclosure.

In representative or exemplary embodiments of the present disclosure with reference
to Figure 1, there is a system 100 configured for performing a computerized or
computer-implemented method 200 for localizing a lesion in an organ of a subject.
Specifically, the system 100 includes a computer device 102 having a processor 104
and various components / modules, including a calibration module 106, an image
registration module 108, and a localization module 110, configured for performing
the method 200.

As used herein, the terms component and module are generally intended to refer to
a computer-related entity, either hardware, a combination of hardware and software,
software, or software in execution. For example, a component or a module may be,
but is not limited to being, a process running on a processor, a processor, an object,
an executable, a thread of execution, a program, and/or a computer. Additionally, the
processor 104 and the modules 106, 108, and 110 are configured for performing
various operations / steps of the method 200 and are configured as part of the
processor 104. Each module 106 / 108 / 110 includes suitable logic / algorithm for
performing various operations / steps of the method 200. Such operations / steps are
performed in response to non-transitory instructions operative or executed by the

processor 104.
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The system 100 further includes an ultrasound (US) device 112 and a transducer
probe 114 connected thereto for acquiring an US image representation of the organ.
The computer device 102 is communicatively connected to or communicable with the
US device 112 and transducer probe 114 for receiving the US image representation
acquired from the transducer probe 114 used on the subject. Specifically, the US
device 112 and transducer probe 114 are configured for acquiring a two-dimensional

ultrasound (2D-US) image representation 116 of the organ including the lesion.

The system 100 further includes a reference position sensor 118 disposed on the
transducer probe 114, specifically at an end thereof. The reference position sensor
118 is calibrated for localizing the lesion and determining the position of the lesion

relative to the transducer probe 114 / reference position sensor 118.

Further with reference to Figure 2, the method 200 for localizing a lesion in an organ
of a subject includes a number of stages. Specifically, the method 200 includes an
optional calibration stage 202 of performing a calibration operation 300 by the
calibration module 106, a first stage 204 of performing a first image registration
operation 400 by the image registration module 108, a second stage 206 of
performing a second image registration operation 500 by the image registration
module 108, and a third stage 208 of performing a localization operation 600 by the

localization module 110.

The subject may be a person or an animal, such as a pig or swine. As used herein, a
lesion is defined as a region in an organ which has suffered damage through injury
or disease. Non-limiting examples of a lesion include a wound, ulcer, abscess, and
tumor. Lesions, specifically tumors, may be present in organs such as lungs, kidneys,
and livers. In some embodiments, the method 200 is performed by the system 100

for localizing of a tumor in a liver of a pig or swine.

In some embodiments, the method 200 includes the calibration stage 202. The
calibration operation 300 is performed by the calibration module 106 of the computer

device 102 for calibrating the transducer probe 114. Specifically, the calibration
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operation 300 includes defining a reference coordinate frame of the transducer probe
114, wherein the lesion is localized in the reference coordinate frame. In some other
embodiments, the transducer probe 114 has been pre-calibrated before the method

200 is performed for localizing the lesion relative to the transducer probe 114.

In the first stage 204, the first image registration operation 400 is performed by the
image registration module 108 of the computer device 102 for determining a rigid
transformation matrix based on alignment of the 2D-US image representation 116
and a three-dimensional computed tomography (3D-CT) image representation 120 of
the organ, the 2D-US image representation 116 acquired from the transducer probe
114. In the second stage 206, the second image registration operation 500 is
performed by the image registration module 108 for refining the rigid transformation
matrix based on image feature descriptors of the 2D-US image representation 116
and 3D-CT image representation 120. In the third stage 208, the localization
operation 600 is performed by the localization module 110 of the computer device
102 for localizing the lesion relative to the transducer probe 114 based on the refined
rigid transformation matrix and a 3D-CT position of the lesion in the 3D-CT image

representation 120.

With reference to Figure 3, the optional calibration operation 300 performed before
the first image registration operation 400 includes a step 302 of detecting the
reference position sensor 118 disposed on the transducer probe 114. The calibration
operation 300 further includes a step 304 of defining a reference coordinate frame of
the reference position sensor 118. The calibration operation 300 further includes a
step 306 of performing said calibrating of the transducer probe 114 based on the

reference coordinate frame.

The reference coordinate frame of the transducer probe 114 / reference position
sensor 118 includes a reference origin and three reference orthogonal axes to
represent a 3D space. As the reference position sensor 118 is disposed on the
transducer probe 114, the 2D-US lesion position on the 2D-US image representation

116 can be transformed to the reference coordinate frame, thereby localizing and
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positioning the lesion in the reference coordinate frame according to the reference

origin and three reference orthogonal axes.

In many embodiments with reference to Figure 4A, the first image registration
operation 400 includes a step 402 of acquiring the 2D-US image representation 116.
In one embodiment, the 2D-US image representation 116 is retrieved from an image
database 122 storing multiple 2D-US image representations that were pre-acquired
from multiple subjects. In another embodiment, the step 402 includes receiving the
2D-US image representation 116 acquired from the transducer probe 114 used on
the subject. For example, the 2D-US image representation 116 is acquired from the
transducer probe 114 during an intervention procedure to treat the lesion, such as
radiofrequency ablation (RFA) which is usually under image guidance such as US
images. The intervention procedure may also be referred to as an image-guided
intervention (IGl). As the 2D-US image representation 116 is acquired during the
RFA for guiding the intervention procedure, the 2D-US image representation 116
may also be referred to as an intra-intervention 2D-US image representation 116.

Figure 4B illustrates an example of the 2D-US image representation 116.

The first image registration operation 400 includes a step 404 of acquiring the 3D-CT
image representation 120. Specifically, the step 404 includes retrieving, from the
image database 122, the 3D-CT image representation 120 which was pre-acquired
from the subject. The 3D-CT image representation 120 was acquired from the
subject before the 1Gl or RFA and stored on the image database 122 and may thus
also be referred to as a pre-intervention 3D-CT image representation 120. The
image database 122 stores multiple 3D-CT image representations that were pre-
acquired from multiple subjects. The image database 122 may reside locally on the
computer device 102, or alternatively on a remote or cloud device communicatively
linked to the computer device 102. The 3D-CT image representation 120 is an image
volume that is collectively formed by multiple 2D-CT image representations or slices
which are stacked together. Each 2D-CT image representation has a finite thickness
and represents an axial / transverse image of the organ. It will be appreciated that

the steps 402 and 404 may be performed in any sequence or simultaneously.
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The first image registration operation 400 further includes a step 406 of defining
three or more CT fiducial markers around the 3D-CT lesion position in the 3D-CT
image representation 120, and a step 408 of defining three or more US fiducial
markers in the 2D-US image representation 116 corresponding to the CT fiducial
markers. It will be appreciated that the steps 406 and 408 may be performed in any
sequence or simultaneously. A fiducial marker is a virtual object, such as a point,
placed in the field of view of an imaging or image processing application executed by
the computer device 102 for processing the image representations 116 and 120. The
US and CT fiducial markers appear in the image representations 116 and 120,

respectively, for use as points of reference or measure.

In defining the fiducial markers around the respective lesion positions in the 2D-US
image representation 116 and 3D-CT image representation 120, visible anatomical
structures are first arbitrarily identified around the lesion. For example, the
anatomical structures are vascular tissues that may include vessels and/or vessel
bifurcations / junctions / corners where they can be more easily identified, such as
the portal vein and portal vein bifurcations. Accordingly, the fiducial markers mark

the vascular tissues around the lesion.

The first image registration operation 400 further includes a step 410 of defining a
CT coordinate frame based on the CT fiducial markers, and a step 412 of defining a
US coordinate frame based on the US fiducial markers. It will be appreciated that the
steps 410 and 412 may be performed in any sequence or simultaneously. Each of
the US and CT coordinate frames is a plane that passes through the respective US
and CT fiducial markers. A plane can be defined by at least three non-collinear
points. In one embodiment, there are three US fiducial markers and three CT fiducial
markers corresponding in positions to the US fiducial markers. The US coordinate
frame is a plane passing through all three US fiducial markers, and the CT
coordinate frame is a plane passing through all three CT fiducial markers. In another
embodiment, there are more than three, e.g. four, five, or more, US fiducial markers
and the same number of corresponding CT fiducial markers. The US coordinate
frame is a plane that passes through or best fits all the US fiducial markers, and the

CT coordinate frame is a plane that passes through or best fits all the CT fiducial
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markers. For example, as the CT coordinate frame is defined based on the three or
more CT fiducial markers in the 3D-CT image representation 120, one or more of the
three or more CT fiducial markers may reside outside of the CT coordinate frame

since a plane can be defined by any three CT fiducial markers.

Each of the US and CT coordinate frames includes a reference origin, three
orthogonal axes to represent a 3D space, wherein one of the three orthogonal axes
is a normal axis perpendicular to the coordinate frame or plane. Additionally, each

reference origin may be coincident along the respective normal axis.

The first image registration operation 400 further includes a step 414 of aligning the
US and CT coordinate frames to thereby determine the rigid transformation matrix.
Said aligning is based on correspondence of the fiducial markers between the 2D-
US image representation 116 and 3D-CT image representation 120. As the fiducial
markers may mark vessel bifurcations for easier identification, correspondence
between the fiducial markers can be more easily found. Optionally, there is a step
416 of verifying if the alignment is acceptable. Specifically, the step 416 verifies if the
correspondence between the fiducial markers are acceptable. If the alignment is not
acceptable, such as if one pair of US and CT fiducial markers are not at the same
position around the lesion position, the steps 406 and/or 408 are repeated.
Accordingly, the steps 406 and/or 408 may be repeated such that the US and CT
fiducial markers are arbitrarily defined in an interactive manner. Improved accuracy
can thus be achieved via the step 416 by refining or fine-tuning the fiducial markers

until the alignment is acceptable.

If the alignment is acceptable, the step 416 proceeds to a step 418 of determining a
set of rigid geometric transformations based on alignment of the 2D-US image
representation 116 and 3D-CT image representation 120. Specifically, the set of rigid
geometric transformations is determined based on alignment of the US and CT
coordinate frames. Figure 4C illustrates a first aligned image representation 124,
which is an example of the alignment of the 2D-US image representation 116 and

3D-CT image representation 120 based on the fiducial markers.

10
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A rigid transformation or isometry is a transformation that preserves lengths or
distances between every pair of points. A rigid transformation includes reflections,
translations, rotations, and combinations of these three transformations. Optionally,
the rigid transformation excludes reflections such that the rigid transformation also
preserves orientation. In many embodiments, the rigid transformation matrix is
determined based on the set of rigid geometric transformations which includes
rotations and/or translations. Specifically, the rotations are defined as angular
rotations of the normal axes of the US and CT coordinate frames about the three
orthogonal axes, and the translations are defined as linear translations between the
reference origins of the US and CT coordinate frames along the three orthogonal
axes. The rotations and/or translations about/along the three orthogonal axes thus
represent up to six degrees of freedom which refers to the freedom of movement of a
rigid body in a 3D space. Furthermore, each of the rotations and/or translations is
associated with a dimensional parameter, such as angles for the rotations and
distances for the translations. The set of rigid geometric transformations is
determined based on an ideal alignment of the 2D-US image representation 116 and
3D-CT image representation 120, or more specifically the US and CT coordinate
frames, such that the reference origins are coincident, and the normal axes are

collinear.

The first image registration operation 400 further includes a step 420 of performing
said determining of the rigid transformation matrix based on the set of rigid geometric
transformations. Points or positions on one of the 2D-US image representation 116
and 3D-CT image representation 120 are transformable to the other via the rigid
transformation matrix. For example, a voxel in the 3D-CT image representation 120
is firstly defined in the CT coordinate frame. The voxel is then transformed to the US
coordinate frame via the rigid transformation matrix, thereby localizing the voxel in
the US coordinate frame. The voxel may represent the lesion position in the 3D-CT
image representation 120, and the lesion can thus be localized relative to the 2D-US
image representation, or more specifically in the US coordinate frame, via the rigid

transformation matrix.

11
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In some embodiments, the US coordinate frame is identical to the reference
coordinate frame of the transducer probe 114 / reference position sensor 118. In
some other embodiments, the US coordinate frame differs from the reference
coordinate frame by a reference rigid transformation. Accordingly, points or positions
in the US coordinate frame / CT coordinate frame are transformable to the reference
coordinate frame, such that the positions are localized in the reference coordinate
frame and positioned relative to the transducer probe 114 / reference position sensor
118.

The rigid transformation matrix represents an initial alignment of the 2D-US image
representation 116 and 3D-CT image representation 120. However, as the US and
CT fiducial markers are arbitrarily defined, the 2D-US image representation 116 and
3D-CT image representation 120, or more specifically the US and CT coordinate
frames, may not be properly aligned. For example, the reference origins may be
coincident, but the normal axes may not be collinear, or vice versa. The rigid
transformation matrix determined in the first image registration operation 400 is thus
subjected to the second image registration operation 500 for refining the rigid

transformation matrix.

With reference to Figure 5A, the second image registration operation 500 includes a
step 502 of generating an US feature image representation based on the image
feature descriptors of the 2D-US image representation 116, and a step 504 of
generating a CT feature image representation based on the image feature
descriptors of the 3D-CT image representation 120. It will be appreciated that the

steps 502 and 504 may be performed in any sequence or simultaneously.

The image feature descriptors are based on composite features of vascular tissues
extracted from the 2D-US image representation 116 and 3D-CT image
representation 120. For example, the organ is a liver and the vascular tissues
include the hepatic vessels. The composite features of the hepatic vessels describe
their properties of density and local shape / structure. The density feature is the
relative density of the hepatic vessels estimated with a Gaussian mixture model. The

local shape feature of the hepatic vessels is measured with a 3D Hessian matrix or

12
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matrix-based filter. The density feature is estimated from the 2D-US image
representation 116 and 3D-CT image representation 120 of the liver, and the local
shape feature is measured using eigenvalues of the 3D Hessian matrix (References
[25] and [26]).

The local shape feature at a voxel of the 3D-CT image representation 120 is

calculated as:

A2] =2y, i A < |A2] £ 23], and A5, 25 <0
0 otherwise

Ls ={
A1, Ay, and A5 are the eigenvalues of the 3D Hessian matrix at that voxel, with the
absolute values in ascending order. A multi-scale filtering scheme is adopted to
tackle hepatic vessels of various sizes. The multi-scale filtering scheme works by
smoothing the 3D-CT image representation 120 using a Gaussian filter with various
kernel sizes before Hessian filtering. The kernel sizes are set as 1, 3, 5, and 7 mm.
The maximum value among single-scale filter responses is retained as local shape
feature at this voxel. For each pixel of the 2D-US image representation 116 and
voxel of the 3D-CT image representation 120, the image feature descriptor of the

pixel / voxel predicts its probability to be or include hepatic vessels.

In some embodiments, the US and CT feature image representations are generated
using a supervised learning-based method or framework, such as a Support Vector
Classifier (SVC), employed by the image registration module 108. In the steps 502
and 504, the composite features of the hepatic vessels in the 2D-US image
representation 116 and 3D-CT image representation 120 of the liver are extracted
using the SVC, and the US and CT feature image representations are generated

using the image feature descriptors of the composite features.

The image registration module 108 may be trained using training data from a set of
training images for segmentation of the vascular tissues, specifically the hepatic
vessels, and for determining the image feature descriptors to generate the US and
CT feature image representations. The training images may be selected to include

those that represent the vascular tissues / hepatic vessels. The training data

13
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includes the density and local shape features of the vascular tissues / hepatic
vessels in the training images. The training data is then input to the SVC to train the

image registration module 108.

The second image registration operation 500 further includes a step 506 of iteratively
determining modal similarity metrics based on the image feature descriptors of the
2D-US image representation 116 and 3D-CT image representation 120 and iterative
refinements to the set of rigid geometric transformations. Specifically, each iteration
of determining a modal similarity metric is performed based on the US and CT
feature image representations and an iteration of the iterative refinements to the rigid
geometric transformations. The iterative refinements are based on adjustments in
one or more of the degrees of freedom, i.e. any number from one to six degrees of
freedom, to refine or fine-tune the dimensional parameters associated with the

rotations / translations.

The second image registration operation 500 further includes a step 508 of
identifying a maximum multi-modal similarity metric with maximum correlation of the
image feature descriptors, the maximum multi-modal similarity metric corresponding
to a refined set of rigid geometric transformations. Specifically, the maximum multi-
modal similarity is associated with maximum correlation of the US and CT feature
image representations. The maximum correlation is determined using a convergent

iterative method, such as a gradient descent algorithm.

Accordingly, in the step 5086, refinements to the rigid geometric transformations are
made iteratively and a multi-modal similarity metric is determined for each iteration of
refinements. The iterative refinements lead to convergence of the multi-modal
similarity metrics to the maximum multi-modal similarity metric. More iterations of the
refinements would lead the multi-modal similarity metrics closer to the maximum.
The refined set of rigid geometric transformations is determined based on the final

iteration of refinements.

The second image registration operation 500 further includes a step 510 of

performing said refining of the rigid transformation matrix based on the refined set of

14
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rigid geometric transformations. Figure 5B illustrates a second aligned image
representation 126, which is an example of the refined alignment of the 2D-US
image representation 116 and 3D-CT image representation 120 based on the feature

image representations and the refined set of rigid geometric transformations.

In some embodiments with reference to Figure 5C, the multi-modal similarity metrics
are determined using mutual information (MI) and correlation coefficient (CC)
measurements. For purpose of comparison, the multi-modal similarity metrics are
determined based on the original image representations, i.e. the 2D-US image
representation 116 and 3D-CT image representation 120 after the first image
registration operation 400, and based on the corresponding US and CT feature
image representations. The original image representations are compared based on
density features, and the feature image representations are compared based on the
composite features. Furthermore, in the 2D-US image representations 116, a region
of interest (ROI) is identified for determining the multi-modal similarity metrics. The

ROl includes local vascular information such as vessel bifurcations.

Figure 5C illustrates the MI and CC measurements of the maximum multi-modal
similarity metrics associated with the refined alignment. In both MI and CC
measurements, the higher the intensity, the higher the similarity. The regions with
the highest intensity or the brightest regions indicate the local / global maxima. For
the original image representations, the refined alignment resulted in local maximum
for both Ml and CC measurements. The original image representations may not be
reliability used for comparing images using such multi-modal similarity metrics. On
the other hand, for the feature image representations, the refined alignment resulted
in global maximum for both Ml and CC measurements. Notably, in the CC
measurement, there is one isolated maximum peak which is the global maximum

selected for determining the maximum multi-modal similarity metric.

The second image registration operation 500 thus refines the rigid transformation
matrix that improves alignment of the 2D-US image representation 116 and 3D-CT
image representation 120. Points or positions on one of the 2D-US image

representation 116 and 3D-CT image representation 120 are transformable to the

15
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other via the refined rigid transformation matrix, and consequently transformable to
the reference coordinate frame, such that the positions are localized in the reference
coordinate frame and positioned relative to the transducer probe 114 / reference

position sensor 118.

With reference to Figure 6, the localization operation 600 includes a step 602 of
identifying the 3D-CT position of the lesion in the 3D-CT image representation 120.
The 3D-CT lesion position is transformed to the reference coordinate frame based
on the refined rigid transformation matrix, thereby localizing the lesion in the
reference coordinate frame and positioning the lesion relative to the transducer
probe 114 / reference position sensor 118. Specifically, the localization operation
600 includes a step 604 of transforming the 3D-CT lesion position from the 3D-CT
image representation 120 to the 2D-US image representation 116 via the refined
rigid transformation matrix. The localization operation 600 further includes a step 606
of transforming the transformed 3D-CT lesion position to the reference coordinate
frame of the transducer probe 114 / reference position sensor 118. In one
embodiment, the reference coordinate frame is identical to the US coordinate frame
of the 2D-US image representation 116. In another embodiment, the US coordinate
frame differs from the reference coordinate frame by a reference rigid transformation.
The localization operation 600 further includes a step 608 of predicting the lesion

position in the reference coordinate frame.

Advantageously, the method 200 improves localization of a lesion in an organ of a
subject, such as a liver tumor, using the 2D-US image representation 116 and 3D-
CT image representation 120 of the organ, as well as refinements to the rigid
transformation matrix for alignment of the 2D-US image representation 116 and 3D-
CT image representation 120. An example of a pseudocode 700 for the method 200

is shown in Figure 7.

An experimental study was conducted to evaluate the performance of the method
200 for localizing a lesion in an organ. The method 200 was performed for localizing
a target tumor in a liver of a pig during a respiration cycle. 2D-US image

representations 116 of the liver were acquired using the transducer probe 114 on the
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same position of the pig, including a 2D-US image representation 116a at the end of
the inhalation phase and a 2D-US image representation 116b at the end of the
exhalation phase. 3D-CT image representations 120 of the liver were pre-acquired
from the same pig at the same position, including a 3D-CT image representation
120a at the end of the inhalation phase and a 3D-CT image representation 120b at

the end of the exhalation phase.

The first image registration operation 400 and second image registration operation
500 in the method 200 registers the 2D-US and 3D-CT image representations 116a
and 120a at the end of the inhalation phase, and registers the 2D-US and 3D-CT
image representations 116b and 120b at the end of the exhalation phase. With
reference to Figure 8A (inhalation phase) and Figure 8B (exhalation phase), at the
refined alignment of the 2D-US and 3D-CT image representations 116a-120a and
116b-120b, the multi-modal similarity metrics 800a and 800b approached and
converged to the global maximums for both inhalation and exhalation phases after
dozens of iterations of refining the rigid transformation matrix. The refined rigid
transformation matrix was determined based on the global maximums of the multi-

modal similarity metrics.

The fiducial registration error (FRE) and target registration error (TRE) were
measured and used for evaluating the method 200. The FRE is the root mean
square distance among the fiducial markers after image registration based on the
refined rigid transformation matrix. In the first image registration operation 400, three
fiducial markers were defined around the lesion positions in each of the 2D-US and
3D-CT image representations 116ab and 120ab. The fiducial markers marked the
portal vein bifurcations around the lesion, and the FRE was calculated to be 1.24

mm.

The TRE is the root mean square error in position change estimation. A common
target point was first selected in the 3D-CT image representations 120a and 120b.
Corresponding coordinates were determined in the 2D-US image representations
116a and 116b based on the refined rigid transformation matrix. The CT coordinates

change of the target points in the 3D-CT image representations 120a and 120b
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showed how the liver moved during the respiration cycle, and was viewed as the
ground truth. Similarly, the US coordinates change in the 2D-US image
representations 116a and 116b showed how the liver moved during the same
respiration cycle. The CT coordinates change was calculated to be -0.7 mm, -11.4
mm, and 4.1 mm in three orthogonal axes, respectively. The US coordinates change
was calculated to be 4.5 mm, -5.5 mm, and 2.2 mm in the same three orthogonal

axes, respectively. The TRE was calculated to be 8.02 mm.

Figure 9 illustrates a performance comparison table 900 comparing the performance
of the method 200 with other known methods. Notably, the method 200 is similar to

the performance of a 3D-US and 3D-CT image registration.

The system 100 and method 200 may be used in collaboration in an |Gl for treating
the lesion, such as RFA. In some embodiments, the system 100 includes an ablation
apparatus 128 for RFA of the lesion. An example of the ablation apparatus 128 is
illustrated in Figure 10. The ablation apparatus 128 includes a RFA probe for
insertion into the lesion and a set of position sensors calibrated with the RFA probe.
The RFA probe generates radiofrequency waves to increase the temperature within
the lesion, resulting in ablation, or ideally destruction, of the lesion. The set of
position sensors of the ablation apparatus 128 may be part of a robotic system that
controls and actuates the RFA probe to target the lesion. The RFA may be guided by
the transducer probe 114 to localize the lesion relative to the transducer probe 114 /
reference position sensor 118. The set of position sensors of the ablation apparatus
128 may be cooperative with the transducer probe 114 / reference position sensor
118, such that the RFA probe can be positioned in the reference coordinate frame of
transducer probe 114 / reference position sensor 118 for ultrasonically guiding the
RFA probe to the localized lesion in the reference coordinate frame. Accordingly, the
method 200 is able to assist a robotic intervention procedure to improve targeting of

the lesion for more effective ablation thereof.
Embodiments of the present disclosure describe a system 100 and method 200 for

localizing a lesion in an organ of a subject. The method 200 uses a two-stage image

registration process to register the 2D-US image representation 116 and 3D-CT
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image representation 120. The two-stage image registration process includes the
first stage 204 (first image registration operation 400) and second stage 206 (second
image registration operation 500). The first image registration operation 400 is based
on fiducial markers and may be referred to as a fiducial-based registration, and the
second image registration operation 500 is based on image feature descriptors and
may be referred to as a feature-based registration. The initial rigid transformation
matrix is determined by alignment of the fiducial markers in the 2D-US image
representation 116 and 3D-CT image representation 120. The initial rigid
transformation matrix is then refined by searching for the maximum correlation of the
two US and CT feature image representations using a supervised learning-based
method or framework and a convergent iterative method, such as the gradient
descent algorithm. After the two-stage image 2D-US image representation 116 / 3D-
CT image representation 120 coordinate frame are transformable to the reference
coordinate frame via the refined rigid transformation matrix, such that the positions
are localized in the reference coordinate frame and positioned relative to the
transducer probe 114 / reference position sensor 118. Localization of the lesion
using the method 200 does not require 3D reconstruction from a series of 2D-US
image scans or simulation from 3D-CT image volumes, and does not conduct global
organ registration which lowers computational complexity. The method 200 may be
used in collaboration with an IGI such as US-guided RFA to improve localization and
targeting of the lesion for more effective ablation. As shown in the performance
comparison table 900 in Figure 9, the performance of the method 200 is encouraging

and addresses various disadvantages of other known methods.

In the foregoing detailed description, embodiments of the present disclosure in
relation to system and computerized method for localizing a lesion in an organ of a
subject using 2D-US and 3D-CT image representations of the organ are described
with reference to the provided figures. The description of the various embodiments
herein is not intended to call out or be limited only to specific or particular
representations of the present disclosure, but merely to illustrate non-limiting
examples of the present disclosure. The present disclosure serves to address at
least one of the mentioned problems and issues associated with the prior art.

Although only some embodiments of the present disclosure are disclosed herein, it
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will be apparent to a person having ordinary sKkill in the art in view of this disclosure

that a variety of changes and/or modifications can be made to the disclosed

embodiments without departing from the scope of the present disclosure. Therefore,

the scope of the disclosure as well as the scope of the following claims is not limited

to embodiments described herein.
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Claims

1. A computerized method for localizing a lesion in an organ of a subject, the
method comprising performing:

a first image registration operation for determining a rigid
transformation matrix based on alignment of a two-dimensional ultrasound
(2D-US) image representation and a three-dimensional computed tomography
(3D-CT) image representation of the organ, the 2D-US image representation
acquired from a transducer probe;

a second image registration operation for refining the rigid
transformation matrix based on image feature descriptors of the 2D-US and
3D-CT image representations; and

a localization operation for localizing the lesion relative to the
transducer probe based on the refined rigid transformation matrix and a 3D-

CT position of the lesion in the 3D-CT image representation.

2. The method according to claim 1, the method further comprising performing,
before the first image registration operation, a calibration operation for calibrating the

transducer probe.

3. The method according to claim 2, the calibration operation comprising
defining a reference coordinate frame of the transducer probe, wherein the lesion is

localized in the reference coordinate frame.

4, The method according to claim 1, the first image registration operation
comprising:
receiving the 2D-US image representation acquired from the
transducer probe used on the subject; and
retrieving, from an image database, the 3D-CT image representation

pre-acquired from the subject.

5. The method according to claim 1, the first image registration operation

comprising:
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defining three or more CT fiducial markers around the 3D-CT lesion
position in the 3D-CT image representation; and
defining three or more US fiducial markers in the 2D-US image

representation corresponding to the CT fiducial markers.

6. The method according to claim 5, the first image registration operation further
comprising:
defining a CT coordinate frame based on the CT fiducial markers;
defining a US coordinate frame based on the US fiducial markers; and
aligning the US and CT coordinate frames to thereby determine the

rigid transformation matrix.

7. The method according to claim 1, the first image registration operation
comprising:
determining a set of rigid geometric transformations based on
alignment of the 2D-US and 3D-CT image representations; and
performing said determining of the rigid transformation matrix based on

the set of rigid geometric transformations.

8. The method according to claim 7, wherein the set of rigid geometric
transformations comprises rotations and/or translations in up to six degrees of

freedom.

9. The method according to claim 7, the second image registration operation
comprising iteratively determining modal similarity metrics based on the image
feature descriptors of the 2D-US and 3D-CT image representations and iterative

refinements to the set of rigid geometric transformations.

10. The method according to claim 9, wherein the iterative refinements are based

on one or more of the degrees of freedom.

11.  The method according to claim 9, the second image registration operation

further comprising identifying a maximum multi-modal similarity metric associated
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with maximum correlation of the image feature descriptors, the maximum multi-
modal similarity metric corresponding to a refined set of rigid geometric

transformations.

12. The method according to claim 11, wherein the maximum correlation of the

image feature descriptors is determined using a gradient descent algorithm.

13. The method according to claim 11, the second image registration operation
further comprising performing said refining of the rigid transformation matrix based

on the refined set of rigid geometric transformations.

14. A system for localizing a lesion in an organ of a subject, the system
comprising:
a transducer probe for acquiring a two-dimensional ultrasound (2D-US)
image representation of the organ; and
a computer device communicable with the transducer probe, the
computer device comprising:
an image registration module configured for performing:

a first image registration operation for determining a rigid
transformation matrix based on alignment of the 2D-US image
representation and a three-dimensional computed tomography
(3D-CT) image representation of the organ; and

a second image registration operation for refining the rigid
transformation matrix based on image feature descriptors of the
2D-US and 3D-CT image representations; and
a localization module configured for performing a localization

operation for localizing the lesion relative to the transducer probe
based on the refined rigid transformation matrix and a 3D-CT position

of the lesion in the 3D-CT image representation.

15. The system according to claim 14, further comprising a calibration module

configured for performing a calibration operation for calibrating the transducer probe.
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16. The system according to claim 14, further comprising a reference position
sensor disposed on the transducer probe, wherein the lesion is localized relative to

the reference position sensor.

17.  The system according to claim 16, further comprising an ablation apparatus

for radio frequency ablation (RFA) of the lesion.

18. The system according to claim 17, the ablation apparatus comprising a RFA
probe for insertion into the lesion and a set of position sensors calibrated with the
RFA probe.

19. The system according to claim 18, wherein the reference position sensor is
cooperative with the set of position sensors for ultrasonically guiding the RFA probe

to the localized lesion.
20.  The system according to claim 14, wherein the image registration module is

trained using training data from a set of training images for determining the image

feature descriptors.
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