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(57) Abstract: A method of identifying coronary artery disease is disclosed. The method comprises receiving contrast cardiac CT data
indicative of a contrast cardiac CT scan carried out on a patient, and analysing the contrast cardiac CT data using machine learning to
identify a plurality of seed points in the contrast cardiac CT data expected to correspond to locations in cardiac arteries of the patient.
The method also comprises producing data indicative of transverse image slices of the cardiac arteries of the patient using the contrast
cardiac CT data and the identified seed points, analysing the transverse image slice data using machine learning to produce inner artery
wall data and outer artery wall data indicative of predicted respective inner and outer walls of the coronary arteries of the patient, and
identifying presence of coronary artery disease using the predicted inner and/or outer walls of the coronary arteries of the patient. A

corresponding system is also disclosed.
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A SYSTEM FOR AND METHOD OF IDENTIFYING CORONARY ARTERY DISEASE

Field of the Invention

The present invention relates to a system for and method of identifying coronary artery
disease and to a system and method that also characterises identified coronary artery
disease.

Background of the Invention

Atherosclerosis is a disease of the coronary arteries wherein atheromatous plaque
("plaque™) accumulates abnormally in the inner layer of an arterial wall. Significant
accumulation of plaque can cause a narrowing of an artery, referred to as arterial
stenosis, and consequently a reduction of blood flow. Significant arterial stenosis in
the context of coronary arteries can result in heart attack and death.

A known system for identifying coronary artery disease involves determining a
predicted radius from an artery centreline to an artery inner wall, and using the
determination to identify disease. However, this technique has limitations in that
limited information is provided in relation to disease.

Summary of the Invention

In accordance with a first aspect of the present invention, there is provided a method of
identifying coronary artery disease comprising:

receiving contrast cardiac CT data indicative of a contrast cardiac CT scan
carried out on a patient;

analysing the contrast cardiac CT data using machine learning to identify a
plurality of seed points in the contrast cardiac CT data expected to correspond to
locations in cardiac arteries of the patient;

producing data indicative of transverse image slices of the cardiac arteries of
the patient using the contrast cardiac CT data and the identified seed points;

analysing the transverse image slice data using machine learning to produce
inner artery wall data and outer artery wall data indicative of predicted respective inner
and outer walls of the coronary arteries of the patient; and

identifying presence of coronary artery disease using the predicted inner and/or
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outer walls of the coronary arteries of the patient.

In an embodiment, the step of identifying a plurality of seed points comprises analysing
the contrast cardiac CT data using machine learning to identify a plurality of predicted
seed points expected to correspond to locations on a coronary artery, and applying a
radiodensity test to the predicted seed points to produce a plurality of candidate seed
points. The radiodensity test may comprise filtering the contrast cardiac CT data so as
to pass predicted seed points that have an associated radiodensity value within a
defined parameter range. In an embodiment, the radiodensity test is a Hounsfield Unit
test and the defined parameter range is a Hounsfield Unit value between 100 and 600.

In an embodiment, the method comprises determining seed points predicted to
correspond to locations on a coronary artery by predicting from an instant candidate
seed point a probable direction to a further seed point of the coronary artery in order to
identify a line representative of the coronary artery. The step of determining seed
points predicted to correspond to locations on a coronary artery may comprise
selecting a candidate seed point from the plurality of candidate seed points using the
predicted probable direction to a further seed point of the coronary artery. The step of
predicting a probable direction to a further seed point from an instant seed point in
order to identify a line representative of the coronary artery may be carried out using
machine learning.

In an embodiment, the line representative of the coronary artery is a line representative
of a centreline of the coronary artery.

In an embodiment, the step of predicting a probable direction to a further seed point
from an instant seed point comprises starting with a seed point at or adjacent a
predicted end of a coronary artery remote from the aorta and successively predicting
seed points from the remote end to the aorta.

In an embodiment, the method comprises using machine learning to detect intersection
locations between coronary arteries and the aorta, for example by carrying out an aorta
segmentation process on the contrast cardiac CT data using machine learning to
predict the location of the ascending aorta in the contrast cardiac CT data, and using
the predicted ascending aorta location and the identified lines representative of the
coronary arteries. The method may comprise determining whether a coronary artery
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connects to the aorta based on whether the coronary artery extends to a position within
a defined distance, such as 4mm, from the ascending aorta.

In an embodiment, the method comprises using a branch detection algorithm to detect
branches on the primary coronary arteries that were not initially identified as viable
centrelines.

In an embodiment, the method comprises a representative artery line labeller that
associates labels with identified arteries, the labels identified using machine learning
that may comprise at least one classifier. The at least one classifier may include an
adaptive boosting (AdaBoost) algorithm to boost performance of the classifier.

In an embodiment, the at least one classifier may be arranged to classify a coronary
artery based on a plurality of key coronary artery features. The key coronary artery
features may include a location of an end of the coronary artery remote from the aorta,
and direction vectors indicative of a plurality of different locations along the coronary
artery. The plurality of different locations may be disposed at a proximal location
adjacent the aorta, at a location substantially mid vessel, and at a location at or
adjacent an end of the coronary artery remote from the aorta.

In an embodiment, the method comprises modifying the parameter range used by the
radiodensity test if a determination is made that the identified coronary arteries are
incorrect or incomplete. If the determination is that insufficient coronary arteries have
been identified, the method may comprise widening the parameter range such that the
number of candidate seed points increases.

In an embodiment, the transverse image slice is a slice taken perpendicular to the
coronary artery.

In an embodiment, the step of analysing the transverse image slice data using
machine learning to produce inner artery wall data and outer artery wall data
comprises training the machine learning component using ground truth data indicative
of example transverse image slices that include inner and outer artery walls and
imaging artefacts indicative of coronary artery disease.

In an embodiment, the ground truth data includes multiple cross sectional image data
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slices for each of a set of multiple defined points along a ground truth coronary artery,
the image slices including at least one image data slice before the defined point and at
least one image data slice after the defined point.

In an embodiment, the method comprises using the determined inner wall data to
determine a cross-sectional lumen area, and to use the determined cross-sectional
lumen area to identify stenosis.

In an embodiment, the method comprises determining a reference cross sectional area
after each artery bifurcation, the reference area calculated by fitting a linear regression
line to an artery portion after the artery bifurcation, the linear regression line indicative
of a linear progressively reducing reference cross sectional area, and identifying
stenosis based on a comparison of a determined cross-sectional area with a reference
cross sectional area according to the linear regression line.

In an embodiment, the method comprises identifying stenosis if the comparison of the
determined cross-sectional area with the reference cross sectional area is indicative of
a defined proportional difference.

In an embodiment, the step of identifying presence of coronary artery disease
comprises determining a gap region between the determined inner and outer wall data
and analysing characteristics of the gap region in order to characterise the coronary
artery disease.

The characteristics of the gap region may include the radiodensity of voxels associated
with the gap region.

In an embodiment, the step of identifying presence of coronary artery disease
comprises identifying high risk plaque that may include low attenuation plaque and/or
spotty calcification.

The method may comprise identifying a spotty calcification by applying a radiodensity
test to identify candidate voxels in the gap that are predicted to be associated with
calcified plaques, and applying a connected component analyser to associate related
voxels together as calcified volumes. The step of identifying a spotty calcification may
further include applying a size test to each identified calcified volume such that a
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calcified volume is identified as a spotty calcification if the calcified volume has a
diameter less than a defined amount, such as 3mm.

In an embodiment, the step of identifying presence of coronary artery disease
comprises identifying positive remodelling based on whether a radial dimension and/or
cross-sectional area and/or volume of the gap is greater than a defined amount, or
proportion compared to a normal coronary artery, such as 10% greater than a normal
vessel gap.

In an embodiment, the method comprises storing different resolution versions of
received contrast cardiac CT data and/or facilitating conversion of received contrast
cardiac CT data to lower resolutions so that coronary artery disease analysis can be
carried out on a selected resolution version, the contrast cardiac CT data resolution
selected based on desired accuracy and analysis speed.

In an embodiment, the method comprises enabling a user to edit the inner artery wall
data.

In an embodiment, the method comprises enabling a user to edit the inner artery wall
data by facilitating manual modification of a displayed inner artery wall using an
interface screen, for example by displaying a plurality of control points representative
of the artery inner wall, and enabling a user to move one or more of the control points.

In an embodiment, the method comprises enabling a user to edit the inner artery wall
data by facilitating selection of vessel stenosis, and modifying the inner artery wall data
based on the selected stenosis. A plurality of selectable stenosis ranges may be
provided.

In an embodiment, the method comprises enabling a user to edit the inner artery wall
data by facilitating selection of a stenosis level for a vessel segment and/or specific

location within the vessel.

In an embodiment, the method comprises enabling a user to edit the inner artery wall
data by facilitating selection of a stenosis level for an individual lesion.

In an embodiment, the modifying the inner artery wall data based on the selected
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stenosis by carrying out an iterative process including the steps of modifying the lumen
area of a selected slice and subsequently recalculating vessel stenosis.

In an embodiment, if the stenosis level is proposed to be reduced, the step of
modifying the lumen area of a selected slice comprises reducing the stenosis level of
each slice that exceeds a maximum level associated with the selected stenosis level
by increasing the lumen area of the slice.

In an embodiment, if the stenosis level is proposed to be increased, the step of
modifying the lumen area of a selected slice comprises identifying a slice with
maximum stenosis and increasing the stenosis level of the slice to be above the
minimum level associated with the selected stenosis level by reducing the lumen area
of the slice.

In an embodiment, the iterative process comprises 3 iterations.

In an embodiment, if the stenosis level of a vessel segment is determined to be 0%,
the system may be arranged to apply a disease machine learning component to the
vessel segment in order to identify potentially stenotic lesions, the disease machine
learning component trained to recognise disease in coronary vessels.

In accordance with a second aspect of the present invention, there is provided a
system for identifying coronary artery disease comprising:

receiving contrast cardiac CT data indicative of a contrast cardiac CT scan
carried out on a patient;

a vessel seed detector that analyses received contrast cardiac CT data
indicative of a contrast cardiac CT scan carried out on a patient using machine learning
to identify a plurality of seed points in the contrast cardiac CT data expected to
correspond to locations in cardiac arteries of the patient;

a vessel wall segmenter that produces data indicative of transverse image
slices of the cardiac arteries of the patient using the contrast cardiac CT data and the
identified seed points, the vessel wall segmenter analysing the transverse image slice
data using machine learning to produce inner artery wall data and outer artery wall
data indicative of predicted respective inner and outer walls of the coronary arteries of
the patient; and

a disease assessment unit that identifies presence of coronary artery disease
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using the predicted inner and/or outer walls of the coronary arteries of the patient.

Brief Description of the Drawings

The present invention will now be described, by way of example only, with reference to
the accompanying drawings, in which:

Figure 1 is a schematic block diagram of a system for identifying, and in this example
characterising, coronary artery disease according to an embodiment of the present
invention;

Figure 2 is a schematic block diagram of a coronary artery disease analysis device of
the system shown in Figure 1

Figure 3 is a schematic block diagram of a vessel seed detector of the coronary artery
disease analysis device shown in Figure 2;

Figure 4 is a schematic block diagram of a centreline tracker of the coronary artery
disease analysis device shown in Figure 2;

Figure 5 is a schematic block diagram of a vessel wall segmenter of the coronary
artery disease analysis device shown in Figure 2;

Figures 6a, b and ¢ show example cross sectional representations of portions of a
cardiac artery imaged using a CTCA scan;

Figure 7 is a schematic block diagram of a stenosis assessment component of a
disease assessment unit of the coronary artery disease analysis device shown in
Figure 2;

Figure 8 is a high risk plaque assessment component of the disease assessment unit
of the coronary artery disease analysis device shown in Figure 2;

Figure 9 is a flow diagram illustrating a method of identifying, and in this example
characterising, coronary artery disease according to an embodiment of the present
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invention;

Figure 10 is a representation of a vessel wall editing screen of a system for identifying,
and in this example characterising, coronary artery disease according to an
embodiment of the present invention;

Figure 11 is a representation of an alternative vessel wall editing screen of a system
for identifying, and in this example characterising, coronary artery disease according to

an embodiment of the present invention;

Figure 12 is a representation of the alternative vessel wall editing screen shown in
Figure 11 after selection of a new stenosis level; and

Figure 13 is a diagrammatic representation of an iterative process implemented by the
system after selection of the new stenosis level.

Description of an Embodiment of the Invention

The present disclosure relates to a system for and method of identifying coronary
artery disease and in the described examples the system and method also quantifies
and characterises identified coronary artery disease (CAD). The disclosed system and
method use coronary computed tomography angiography (CCTA) data, and in the
described examples the system and method automatically identify, quantify and
characterise coronary artery disease by detecting and tracking coronary artery
centrelines, estimating the location of inner and outer walls of coronary arteries, and
determining the extent and characteristics of any identified disease using the estimated
inner and outer walls together with an analysis of the composition and spatial
characteristics of identified gaps between the inner and outer walls.

The described system and method are able to detect the presence and severity of
arterial narrowing (referred to as stenosis), and identify early stages of coronary artery
disease by identifying high risk plaques including spotty calcification, low attenuation
plagues and positive remodelling of the vessel walls. The output from the system may
be in the form of a report highlighting key findings and priority risks.

Referring to the drawings, Figure 1 shows a schematic block diagram of a system 10
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for identifying and characterising coronary artery disease.

In this example, the system 10 is arranged to interact with multiple providers of cardiac
computed tomography angiography (CCTA) data, represented in Figure 1 by CCTA
scanning devices 12a, 12b and associated Picture Archiving and Communication
Systems (PACS) 14a, 14b. Each PACS system 14a, 14b is arranged to manage
capture and storage of medical image data produced by a CCTA scanning device 12a,
12b, and communication of the medical image data to a medical image data server 18,
in this example disposed remotely of the CCTA service providers, and accessible
through a wide area network such as the Internet 16. In this example, the medical
image data server 18 is a Digital Imaging and Communications in Medicine (DICOM)
server, although it will be understood that any suitable device for receiving and
managing storage of received CCTA image data is envisaged.

The DICOM server 18 is arranged to store received CCTA image data in a data
storage device 20 that may include one or more databases. In this example, the
system 10 also includes a personal health information (PHI) anonymiser 22 that may
be a separate component or a component incorporated into the DICOM server 18.
The PHI anonymiser 22 is arranged to encrypt patient specific meta data (typically
including name, date of birth and a unique 1D number) in the received CCTA image
data before the CCTA image data is stored in the data storage device 20. In this way,
the patient specific meta data is still associated with the CCTA image data, but is only
accessible by authorised people, for example using login and password data.

The system 10 is arranged to enable multiple authorised users to interact with the
system 10, for example by providing each authorised user with an interface device 24.
Each interface device 24 may include any suitable computing device, such as a
personal computer, laptop computer, tablet computer or mobile computing device.

The system 10 also includes a coronary artery disease (CAD) analysis device 26 in
communication with the data storage device 20 and arranged to analyse CCTA image
data stored in the data storage device 20 to identify, quantify and characterise
coronary artery disease in the CCTA image data, and produce reports indicative of the
analysis.

The system 10 may be arranged to store different resolution versions of received
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CCTA data and/or facilitate conversion of received CCTA data to lower resolutions so
that CAD analysis can be carried out on a selected resolution version. In this way, a
user is able to modify CAD analysis depending on desired accuracy and analysis
speed.

The system 10 may be arranged to facilitate access using the interface device 24 in
any suitable way. For example, the system 10 may be configured such that the CAD
analysis device 26 is accessible through a web browser on the interface device 24,
wherein all or most processing activity occurs remotely of the interface device 24, or
the system 10 may be configured such that at least some processing activity occurs at
the interface device 24, for example by providing the interface device 24 with at least
one software application that implements at least some processing activity on the
CCTA data stored at the data storage device 20.

In an alternative example, instead of providing a distributed system wherein CCTA
data received from patients is stored remotely at a network accessible location, one or
more components of the system 10 may be disposed at the same location as the
interface device 24 and/or the CT device 12a, 12b such that most or all processing
activity and/or storage of the CCTA data occurs at the same location.

As indicated in Figure 1, in this example the data stored at the data storage device 20
may also be accessible by the interface device 24 directly, for example so that a user
at the interface device 24 can view raw CCTA data.

Using the interface device 24, a user is able to instigate analysis and/or view the
results of analysis of CCTA data stored at the data storage device 20. During analysis,
the CAD analysis device 26 extracts relevant CCTA data from the data storage device
20 and carries out analysis processes on the CCTA data in order to identify, quantify
and characterise coronary artery disease present in the CCTA image data, and
produce relevant reports.

The CAD analysis device 26 is shown in more detail in Figure 2, which is a schematic
block diagram illustrating functional components of the CAD analysis device 26.

The CAD analysis device 26 relies primarily on segmentation of inner and outer walls
of the coronary arteries and the information produced by this is used to detect and
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assess the disease burden in the scan. In order to accurately segment the vessel
walls, it is first necessary to identify representative lines, in this example centrelines, of
the vessels, and this is achieved by identifying a plurality of seed points for each
centreline corresponding to voxels within the CT volume that are likely to be located on
a centreline of a coronary artery. To facilitate this process, a contrast agent is injected
into the blood stream to increase contrast and in this example increase a Hounsfield
Unit (HU) value of the coronary arteries compared to the surrounding tissue.

The CAD analysis device 26 identifies vessel seed points using a vessel seed detector
28 that in this example uses multiscale filtering and supervised machine learning to
detect seed points from training data. Functional components of the vessel seed
detector 28 are shown in Figure 3.

The vessel seed detector 28 includes a vessel seed machine learning component 30,
in this example a volumetric convolutional neural network (CNN) that is trained using
ground truth data indicative of a sufficient number of example coronary artery
centrelines.

It should be understood that many points in the CT volume have a non-zero probability
of being suitable as a vessel seed point. With this in mind, the vessel seed detector
28 includes a candidate seed point determiner 32 that identifies a set of predicted seed
points present in a sample of CCTA data using the vessel seed machine learning
component 30, then selects candidate seed points from the set of predicted seed
points that are to form the basis of centreline tracking and thereby prediction of the
centrelines of the coronary arteries. The candidate vessel seed points are determined
from the set of seed points based on one or more defined constraints, such as seed
points that have a radiodensity value, such as a Hounsfield Unit (HU) value, above a
defined amount, or a defined number of seed points above a defined HU threshold,
such as a defined number of seed points that have the highest HU values. In one
example, the candidate vessel seed points that have a HU value between 100 and 600
are selected as candidate seed points.

The vessel seed machine learning component 30 is trained using reference vessel
seed points representing points that are considered by an expert to lie on coronary
artery centrelines.
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The CAD analysis device 26 tracks coronary artery centrelines using a centreline
tracker 34. Functional components of the centreline tracker 34 are shown in Figure 4.

In this example, the centreline tracker 34 includes a centreline tracking machine
learning component 36. The centreline tracker 34 considers the determined candidate
seed points and a centreline direction predictor 38 uses the centreline tracking
machine learning component 36 to predict from an instant seed point the most
probable direction to the next seed point on the coronary artery in three dimensional
space. In this way, vessel centreline seed points are identified that are likely to lie on
the currently considered coronary artery. In this example, the centreline tracking
process starts at a predicted seed point located at an endmost location on an artery
centreline.

In this example, the centreline tracking machine learning component 36 is arranged to
use data cubes and the candidate seed points to predict the most probable direction to
the next centreline seed point, and based on this to select a centreline seed point from
the candidate seed points. The seed points identified in this way as located on a
coronary artery centreline are connected together using a seed point connector 40 so
as to define a complete coronary artery.

An important part of centreline tracking is to detect the intersection locations between
the coronary arteries and the aorta, referred to as the coronary ostia. The present
system and method is arranged to detect the aorta intersection locations using an
aorta intersection determiner 42 that uses information indicative of the location of the
ascending aorta with tracking information defined by the determined centrelines, and
determines whether a coronary artery connects to the aorta based on whether the
coronary artery extends to a position within a defined distance, such as 4mm, from the
wall of the aorta. If so, the path of the coronary artery is projected to extend to an
intersection point with the aorta and is anatomically connected. In the present
example, the location of the ascending aorta is determined using a cardiac segmenter
35 by carrying out an aorta segmentation process on the CCTA data, the aorta
segmentation process for example using a convolutional neural network, that may be a
Unet or Vnet neural network, for example trained using ascending aorta ground truth
data.

The centreline tracker 34 is arranged to detect the four main coronary arteries first —
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the Left Main (LM), Left Anterior Descending (LAD), Left Circumflex (LCX) and the
Right Coronary Artery (RCA) — then after the main coronary arteries have been
detected, an artery branch detector 44 detects branches on the primary coronary
arteries that were not initially identified as viable centrelines. The main coronary
arteries are easier to track than the branches as they carry more blood and therefore
more contrast agent. Tracking smaller branches becomes increasingly difficult as the
branches reduce in diameter and therefore carry less blood and less contrast agent.
The branch detector 44 uses a branch detection algorithm.

The branch detector 44 examines the HU values perpendicular to the centreline
direction of a vessel, and estimates the approximate radius of the vessel by finding the
boundary of the coronary artery based on the HU value, since the HU value decreases
significantly outside of the vessel wall. Once the boundary has been located on each
side of the centreline, the vessel's diameter can be measured.

Branches are detected based on the rate of change in measured diameter of the
vessel along the length of a centreline. For example, if the measured diameter of the
vessel increases by more than 10% along the centreline, then decreases back to its
original size it is marked as a detected branch, noting that coronary vessels naturally
decrease in size from a proximal to a distal location. At the coronary ostia, vessels
may have a diameter of about 4mm, whilst at a distal location the vessel diameter
typically reduces to less than 1mm. The branch detector 44 therefore examines the
rate of change of the estimated diameter to detect points along the centreline from
which another coronary artery is branching.

As shown in Figure 2, the CAD analysis device 26 also includes a centreline labeller 46
arranged to attach semantically meaningful labels to the tracked artery centrelines so
that clinicians can identify the vessels. The identification process uses a centreline
labelling machine learning component 48, that in this example comprises a supervised
classifier, to label the coronary artery centrelines on the identified structured coronary
tree. Ground truth centrelines annotated with appropriate labels are used to train the
classifier. A number of different classification processes may be used and in this
example the classifier includes an adaptive boosting (AdaBoost) algorithm to boost
performance of the classifier. In this example, the key features used by the
classification process to label each coronary artery are the end location of the artery
centreline remote from the aorta, and the mean direction vectors of the centreline at 3
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different centreline locations - at a proximal location (adjacent the aorta), at a location
at mid vessel, and at a distal location of the artery (a location at or adjacent an end of
the artery remote from the aorta).

As shown in Figure 2, the CAD analysis device 26 also includes an anomaly detector
50 arranged to improve the reliability of the centreline tracking process by reconfiguring
the vessel seed detector 28 if the analysis carried out by the centreline tracker 34 is
incorrect or incomplete, for example because the vessel seed detector 28 has
generated too many or insufficient seed points. After the detected coronary arteries
have been labelled by the centreline labeller 46, a seed parameter modifier 52 of the
anomaly detector 50 communicates with the vessel seed detector 28 to reconfigure the
parameters of the vessel seed detector 28 if a determination is made that the identified
vessels are incorrect or incomplete, for example if the initial vessel seed detector
configuration failed to detect a major coronary artery, such as the RCA. In this
example, the seed parameter modifier 52 may communicate with the vessel seed
detector 28 to lower the constraint applied by the vessel seed detector 28 so that more
candidate vessel seed points are produced, thereby increasing the probability of
detecting the vessel in a subsequent iteration. In an example, this may be achieved by
widening an applied Hounsfield Unit (HU) test from 100 — 600 to 50 — 600. A similar
approach may be used to reduce the number of candidate vessel seed points if too
many seed points are produced.

It will be understood that the anomaly detector 50 functions as a feedback loop to
modify the parameters of the vessel seed detector 28 until an appropriate set of
candidate vessel seed points are produced to detect all coronary arteries or at least a
defined subset of the coronary arteries such as all of the main coronary arteries (LM,
LAD, LCX, RCA).

Failure to detect a coronary artery may occur due to various factors. For example, the
concentration of contrast dye provided to a patient may have reduced to the extent that
the number of seed points passing the applied HU test has become too low.

In the above example, the feedback look operates automatically. However, it will be
understood that manual modification of vessel tracking parameters, such as a location
threshold parameter that indicates what is considered to be a valid location for a
coronary artery, or the parameters of the vessel seed detector 28, may be carried out
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in response to observed results. For example, if the results do not successfully identify
all of the main coronary arteries, a user may modify a valid location parameter and/or a
tracking parameter in order to increase the likelihood of more successfully identifying
the main coronary arteries. In this way, the vessel tracking process is more robust
because the parameters of the process are changed based on observed results, and
the system is more likely to be able to deal with CCTA data that has different dynamic
ranges.

After all desired coronary arteries have been satisfactorily tracked and labelled, a
vessel wall segmenter 54 shown in Figure 2 uses the tracked centrelines to analyse
the CCTA data associated with the coronary arteries, in particular to carry out an inner
and outer vessel wall segmentation process.

The functional components of the vessel wall segmenter 54 are shown in Figure 5.

The vessel wall segmenter 54 uses a wall segmenter machine learning component 56
to produce inner and outer wall lumen masks that can then be used to identify coronary
artery disease associated with the presence of calcified and non-calcified plaques and
taking into account imaging artifacts.

In this example, the wall segmenter machine learning component 56 is a supervised
volumetric convolutional neural network (CNN) that is trained using ground truth
training data indicative of a sufficient number of example transverse coronary artery
image slices, in this example image slices that are perpendicular to and intersecting
with the artery centrelines. The training data in this example includes inner and outer
artery walls and relevant imaging artefacts that have been annotated by medical
experts, and covers a wide range of examples of different coronary vessels with
varying degrees of disease and including various typical imaging artifacts indicative of
abnormalities, such as vessel bulging.

In this example, in order to provide a richer data set, the wall segmenter machine
learning component 56 is trained for points along a vessel centreline by providing
multiple cross sectional image data slices, including at least one image data slice
before each defined centreline point and at least one image data slice after each
defined centreline point. Since disease manifests itself over multiple cross sectional
slices, providing the CNN with multiple slices in this way allows the CNN to incorporate
a spatial context to more accurately reflect the characteristics of the disease.
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However, it will be understood that other implementations are envisaged, such as one
image data slice for each defined centreline point. Long-axis image data may also be
used for training purposes to provide the CNN with additional context for the semantic
segmentation process. Additionally, it will be understood that data augmentation can
be used to ensure that the inner and outer wall segmentation process generalises
effectively from the training data to unseen cases.

During analysis of received CCTA data, the vessel wall segmenter 54 uses a slice
analyser 58 to sample slices of the CCTA data, in this example perpendicular to the
determined centrelines. The vessel wall segmenter 54 uses the wall segmenter
machine learning component 56 to predict whether each voxel in each obtained image
slice is likely to be part of an inner wall or an outer wall of a coronary artery. The
voxels identified as being part of the inner and outer artery walls of a coronary artery in
the sample slices are then connected together using a connected component analyser
60 that uses a technique to identify neighbouring voxels that belong to the inner wall or
the outer wall of the vessel and thereby produce inner and outer artery wall
segmentations.

Example representations of portions of a cardiac artery imaged using a CT scan after
wall segmentation are shown in Figure 6. Figure 6a shows a ‘long-axis’ view 62 of a
portion of an artery that includes coronary artery disease 63, in this example the view
62 reprojected so as to appear linear for ease of reference. Figures 6b and 6¢ show
transverse cross-sectional views 66, 76 — ‘short-axis’ views — of the cardiac artery
portion shown in Figure 6a at different locations along the coronary artery. Figure 6b
represents a cross sectional view taken along a first transverse plane 68 shown in
Figure 6a. Figure 6¢ represents a cross sectional view taken along a second
transverse plane 78 shown in Figure 6a.

In the sample slice shown in Figure 6b, an inner wall 70 and an outer wall 72 have
been identified by the vessel wall segmenter 54, and it can be seen that at the location
indicated by the first transverse plane 68, the artery shown does not appear to be
affected by disease and the vessel lumen 74 appears to be unobscured.

In the sample slice shown in Figure 6¢, an inner wall 80 and an outer wall 82 have
been identified by the vessel wall segmenter 54, and it can be seen that at the location
indicated by the second transverse plane 78, the artery shown is affected by disease
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63 and the vessel lumen 74 partially obscured.

It will be understood that after completion of coronary artery wall segmentation, the
system has sufficient data to define the inner and outer vessel wall configurations of
the detected coronary arteries. Using this data, it is possible to determine the
presence of disease by analysing voxels associated with gap regions between the
inner and outer vessel walls.

For this purpose, as shown in Figure 2, the CAD analysis device 26 includes a disease
assessment unit 86. Functional components of the disease assessment unit 86 are
shown in Figures 7 and 8.

In this example, the CAD analysis device 26 is arranged to assess different types of
disease including arterial constriction, referred to as ‘stenosis’, and presence of high-
risk plaques, including calcified, mixed or non-calcified plaques, using heuristics based
on the spatial characteristics and Hounsfield Unit values of gaps in the vessel walls.

Figure 7 illustrates functional components 88 of a stenosis detection and analysis
component of the disease assessment unit 86, and Figure 8 illustrates functional
components 90 of high risk plaque detection and analysis component of the disease
assessment unit 86.

The stenosis functional components 88 include a lumen area determiner 92 arranged
to use the inner and outer wall segmentation data to determine the cross-sectional
area defined by the inner wall. The vessel lumen cross-sectional area is used to
determine and characterise a stenosis condition with reference to a healthy state
condition.

It is understood that after bifurcation of an artery, it is common for a relatively narrow
portion of the artery to exist that could produce a stenosis false positive. In order to
avoid this, the stenosis functional components 88 include a post branch reference area
determiner 96 that removes arterial regions immediately after each bifurcation and
instead uses a calculated reference area for the region following the bifurcation. The
reference area is calculated using a linear regression analyser 98 by fitting a linear
regression line to the area along the length of the lumen section after the bifurcation.
This process results in a piecewise linear structure with discontinuities at detected
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bifurcation points. Since coronary vessels naturally reduce in diameter as they wrap
around the myocardium (heart), the piecewise linear structure essentially sets the
expected or mean progressively reducing area of each healthy (non-stenotic) vessel.

A defined proportional reduction compared to the expected reference area indicates
that the vessel has contracted from a normal healthy state, and therefore stenosis is
present. It will be understood that the stenosis assessment component may also
provide determinations in relation to arteries that have expanded from a normal healthy
state.

In this example, the stenosis functional components 88 also include a post processor
100 arranged to carry out additional processing on the inner and outer wall
segmentation data, for example to carry out a smoothing operation on the data to
reduce noise reduction due to localised variations in the lumen area not associated
with disease.

In clinical reporting, stenosis is typically graded in quantitative percentage grades such
as 25-49%. A stenosis category determiner 102 is arranged to use the stenosis
analysis to produce a percentage stenosis grade and a categorical value for reporting.

The high risk plague functional components 90 are shown in Figure 8. High risk
plagues (HRP) are also referred to as vulnerable plaques and are an early indication of
coronary artery disease for a patient. The disease assessment unit 86 detects several
forms of HRP using heuristic, rule based analysis of the artery wall segmentation, in
this example low attenuation plaque, spotty calcification and positive remodelling. For
this purpose, the high risk plague functional components 90 include a low attenuation
plague determiner 104, a spotty calcification determiner 106 and a positive remodelling
determiner 114.

Low attenuation plaques are characterised by Hounsfield Unit (HU) values in the range
-30 to 30 Hounsfield units, and therefore may be directly detected through analysis and
thresholding of Hounsfield units.

A spotty calcification is defined as a relatively small calcification surrounded by non-
calcified or mixed plague. To detect spotty calcification, the spotty calcification
determiner 106 initially determines voxels that are predicted to be associated with
calcified plaques in the determined disease region between the inner and outer artery
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wall, for example by filtering using a defined radiodensity measure, such as a
Hounsfield Unit (HU) value greater than 350. A connected component analyser 108 is
then used to associate related voxels together as calcified volumes. Spotty
calcifications are characterised as being smaller than 3mm in diameter, and
accordingly a size thresholder 110 is used to detect these. A non-calcified/mixed
plaque determiner 112 is also used to provide additional heuristics to determine
whether the voxels surrounding the identified spotty calcifications have HU values
consistent with non-calcified or mixed plaques.

Positive remodelling is characterised by an expansion of the outer vessel wall to
compensate for the disease build up between the inner and outer wall. The positive
remodelling determiner 114 is arranged to detect this using an inner/outer wall gap
determiner that determines whether the gap between the inner and outer artery wall
has increased beyond a defined amount, for example 10% beyond a normal vessel
gap. The positive remodelling determiner 114 also includes a gap radiodensity
analyser 118, in this example arranged to determine whether the voxels in the gap are
consistent with non-calcified plaque, for example by determining the HU values of the
voxels in the gap.

The determinations made by the disease assessment unit 86 form the basis of a report
produced by a report generator 120.

Referring to Figure 9, a flow diagram 130 is shown that illustrates an example method
of identifying, and in this example characterising, coronary artery disease using the
system shown in Figure 1.

The method comprises extracting CCTA data from the data store 20, using the vessel
seed point machine learning component 30 to identify predicted vessel seed points,
and applying a radiodensity filter to the predicted vessel seed points to identify
candidate vessel seed points, as indicated at steps 132, 134 and 136. The centreline
tracking machine learning component 36 is then used to identify candidate vessel seed
points predicted to be located on coronary artery centrelines by starting at a location
remote from the aorta and predicting the direction to the next seed point, as indicated
at step 138.

As indicated at steps 140 and 142, a cardiac region in the CCTA data is then
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segmented to determine the predicted location of the ascending aorta, and the
intersection locations between the main coronary arteries and the aorta are predicted
using the aorta segmentation. A branch detection algorithm is then applied to detect
coronary artery branches, as indicated at step 144.

The detected coronary arteries are labelled using a centreline labelling machine
learning component, as indicated at step 146.

As indicated at steps 148 and 150, if the coronary arteries have not been sufficiently
detected, the radiodensity filter parameters used by the vessel seed detector 28 are
modified as required, and the vessel seed detection and centreline tracking processes
indicated by steps 136 to 146 are reimplemented. This process repeats until the
coronary arteries have been sufficiently detected.

As indicated at steps 152 and 154, the CCTA data is sampled to produce image slice
data, each image slice intersecting with a detected centreline and extending
transversely across a coronary artery, and the wall segmenter machine learning
component 56 is used to produce inner wall and outer wall lumen data based on the
sampled image slices.

The inner wall data is used to determine the cross-sectional area defined by the inner
wall and the determined area used to identify and characterise stenosis, and
determined gaps between the inner and outer walls is used to determine presence of
and characterise high-risk plaques or positive remodelling, as indicated at steps 156
and 158.

As indicated at steps 160 and 162, representations of coronary artery cross-sections
are displayed using the inner and outer wall data and the analysis of the gaps between
the inner and outer walls, and a report indicative of presence of stenosis and/or high-
risk plaques in the CCTA data may be generated.

The system 10 may be arranged to enable a user to edit the displayed inner and
optionally outer vessel walls and associated inner and outer wall data, for example
because a clinician believes that the stenosis assessment provided by the system 10 is
incorrect. In one arrangement, this may be achieved by manually modifying the
relevant wall(s) using a suitable interface screen.
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For example, as shown in Figure 10, a vessel wall editing screen 170 may be used.
The screen 170 includes a long axis cross sectional view 172 of a coronary artery, and
a transverse cross sectional view 174 of the coronary artery that shows inner 70 and
outer 72 walls of the vessel. Using wall selection buttons 175, a user is able to select
the inner 70 or outer 72 wall, which causes control points 176 to be displayed that are
representative of the shape of the selected wall. The user is able to change the shape
of the selected wall by selecting and moving one or more of the control points 176, for
example using a mouse.

While the inner and optionally outer walls 70, 72 of a vessel may be modified using the
vessel wall editing screen 170, the process is relatively cumbersome since the user
must manually move each relevant control point 176 until the desired stenosis level is
obtained for the displayed vessel.

An alternative vessel wall editing screen 178 is shown in Figure 11.  With this
arrangement, instead of manually amending the vessel wall by individually moving
control points, the alternative vessel wall editing screen 178 includes a stenosis level
drop down box 180 that enables a user to select the appropriate stenosis range 182 for
the displayed vessel or for an individual selected lesion. In response to selection of a
new stenosis range 182, the system 10 modifies the displayed vessel inner wall 70 to
match the selected stenosis range 182.

As shown in Figure 11, the displayed vessel has a determined stenosis level of 0%, but
a user has selected a new stenosis level 1% - 24% because the user believes that 1%
- 24% is a more appropriate stenosis level for the vessel. In response, as shown in
Figure 12, a revised inner wall 184 is displayed that increases a gap between the new
inner wall 184 and the outer wall 72, thereby indicating an increased level of stenosis.

In this way, in order to modify a displayed vessel, a user need only select the
appropriate stenosis range 182 for the displayed vessel or selected lesion and in
response the system will modify the inner wall of the displayed vessel or lesion to a
configuration that satisfies the selected stenosis range.

It will be understood that the configuration of the inner wall 184 of the displayed vessel
that satisfies the selected stenosis level may be determined in any suitable way, for
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example using ground truth training data associated with diseased vessels of varying
degrees.

The vessel wall editing screen 178 may be used to modify the stenosis level assigned
to a vessel segment or to modify the stenosis level assigned to individual lesions.

In an example wherein the stenosis level assigned to a vessel segment is desired to be
modified, the system 10 may apply the methodology illustrated in iterative process
diagram 188 shown in Figure 13 and flow diagram 200 shown in Figure 14 that
illustrates steps 202 to 214 of a method of amending a vessel wall.

In an example, a user desires to modify the determined stenosis level of a coronary
artery vessel segment from a current level 25% - 49% to a new level 1% - 24%
because the user believes that this is the appropriate stenosis level for the vessel
segment. As indicated at step 202, the user selects the new stenosis range 182 using
the stenosis level drop down box 180.

If the stenosis level is proposed to be reduced, the method involves reducing the
stenosis level of each slice that exceeds the maximum level of the new stenosis
category by applying a small dilation to the slice, as indicated at step 204.

If stenosis level is proposed to be increased, the method involves identifying the slice
with the maximum stenosis and increasing the stenosis level of the slice to be above
the minimum level of the new stenosis category by applying a small erosion to the
slice, as indicated at step 206.

In the present example, since the stenosis level is proposed to be reduced, the
stenosis level of each slice that exceeds the maximum level of the new stenosis range
is reduced by applying a small dilation to the vessel inner wall associated with the
slice.

Vessel slices are shown diagrammatically in Figure 13 wherein 3 example slices 190
are shown at initial and 2 subsequent rounds of the iterative process. For each slice,
the size of the vessel inner wall is represented by the size of a circle 194 and the level
of stenosis at the slice is represented by the percentage value 196 in the circle. As
shown, before modification of the stenosis level, the 10" and 11" slices are within the
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proposed new stenosis range, but the 121" slice is at 30% stenosis, which is above the
proposed range. Consequently, as indicated at step 204, in order to reduce the level
of stenosis at the 12" slice, the lumen area is increased slightly. The stenosis of the
vessel segment is then recalculated taking into account modified slice lumen areas, as
indicated at step 208.

The lumen area may be increased or decreased in any suitable way. For example, the
lumen area may be increased by dilating the inner wall using morphological operators.

Alternatively, the vessel wall segmenter 54 may include an alternate machine wall
segmenter machine learning component 56 that is trained to produce lumen masks
indicative of an increased level of stenosis, and a further alternate machine wall
segmenter machine learning component 56 that is trained to produce lumen masks
indicative of a reduced level of stenosis. With this arrangement, a default model may
be used and the alternate or further alternate machine learning component selected
depending on whether stenosis is desired to be increased or decreased.

In a further alternate arrangement, image processing techniques may be used to
modify the lumen area, such as region growing and/or other segmentation techniques
based on the HU value in the vessel

As shown in Figure 13, at round 1 of the iterative process, after recalculation of
stenosis, the stenosis level of the 12" slice has reduced to 20% because of the
increase in lumen area. However, increasing the lumen area at the 12" slice has
caused the stenosis recalculation step 208 to increase the stenosis level at the
adjacent 11" slice to 30% because the lumen area of slice 11 is now proportionally
smaller relative to the 12" slice. At a subsequent iteration (round 2), since the stenosis
of the 11" slice is now above the proposed range, a small dilation is applied to the
lumen area of the 11" slice to reduce the stenosis level, and the stenosis of the vessel
segment is again recalculated taking into account the modified slice lumen areas, as
indicated at step 208. This causes the stenosis level of the 11" slice to reduce to 20%,
but increasing the lumen area of the 11" slice has caused the stenosis recalculation
step 208 to increase to 30% at adjacent slice 10 because the lumen area of slice 10 is
now proportionally smaller relative to the 11" slice. Similarly, the stenosis level of the
12" glice also increases because the lumen area of the 12" slice is now proportionally
smaller relative to the 11" slice.
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It is expected that after 3 iterations, the stenosis level of all slices will be within the
selected proposed stenosis range 182.

In some situations, it is not possible to use vessel or vessel segment-based
modification of stenosis range using the above methodology. For example, in a
situation wherein one or more lesion of the vessel or segment is within the range 90% -
100%, it is not possible to increase the stenosis level at other lesions of the vessel or
segment by increasing the vessel/segment stenosis range because the stenosis range
for the vessel/segment is already at the maximum level available. In this situation, the
user may modify the inner wall of one or more lesions individually.

In a further situation, a clinician may wish to increase the stenosis level for a vessel or
vessel segment but since the vessel/segment is determined by the system to be at 0%
stenosis it is difficult to determine which slices of the vessel/segment should be
increased.

In this circumstance, a disease machine learning component may be used that is
specifically trained to recognise disease in the vessels, the disease machine learning
component being applied to the vessel/segment determined to be at 0% in order to
identify potentially stenotic lesions. After identifying potentially stenotic lesions, the
above methodology may be used to increase the stenosis range applicable to the
vessel, vessel segment or individual lesion(s). The disease machine learning
component may be any suitable machine learning component, such as a U-Net trained
neural network.

In an alternative arrangement for increasing the level of stenosis when the
vessel/segment has been determined to be at 0% stenosis, the above wall
segmentation process is discarded and a fresh wall segmentation process is
implemented using a machine learning component, such as a U-Net, that has been
trained with ground truth vessel slice images and expert annotated stenosis values.
After identifying potentially stenotic lesions, the above methodology may be used to
increase the stenosis range applicable to the vessel, vessel segment or individual
lesion(s).

In the claims that follow and in the preceding description of the invention, except where
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the context requires otherwise due to express language or necessary implication, the
word “comprise” or variations such as “comprises” or “comprising” is used in an
inclusive sense, i.e. to specify the presence of the stated features but not to preclude
the presence or addition of further features in various embodiments of the invention.

It is to be understood that, if any prior art publication is referred to herein, such
reference does not constitute an admission that the publication forms a part of the
common general knowledge in the art, in Australia or any other country.

Modifications and variations as would be apparent to a skilled addressee are deemed
to be within the scope of the present invention.
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Claims

1. A method of identifying coronary artery disease comprising:

receiving contrast cardiac CT data indicative of a contrast cardiac CT scan
carried out on a patient;

analysing the contrast cardiac CT data using machine learning to identify a
plurality of seed points in the contrast cardiac CT data expected to correspond to
locations in cardiac arteries of the patient;

producing data indicative of transverse image slices of the cardiac arteries of
the patient using the contrast cardiac CT data and the identified seed points;

analysing the transverse image slice data using machine learning to produce
inner artery wall data and outer artery wall data indicative of predicted respective inner
and outer walls of the coronary arteries of the patient; and

identifying presence of coronary artery disease using the predicted inner and/or
outer walls of the coronary arteries of the patient.

2. A method as claimed in claim 1, wherein the step of identifying a plurality of
seed points comprises analysing the contrast cardiac CT data using machine learning
to identify a plurality of predicted seed points expected to correspond to locations on a
coronary artery, and applying a radiodensity test to the predicted seed points to
produce a plurality of candidate seed points.

3. A method as claimed in claim 2, wherein the radiodensity test comprises
filtering the contrast cardiac CT data so as to pass predicted seed points that have an
associated radiodensity value within a defined parameter range.

4. A method as claimed in claim 3, wherein the radiodensity test is a Hounsfield
Unit test and the defined parameter range is a Hounsfield Unit value between 100 and
600.

5. A method as claimed in any one of the preceding claims, comprising
determining seed points predicted to correspond to locations on a coronary artery by
predicting from an instant seed point a probable direction to a further seed point of the
coronary artery in order to identify a line representative of the coronary artery.

6. A method as claimed in claim 5 when dependent on claim 2, wherein the step
of determining seed points predicted to correspond to locations on a coronary artery



10

15

20

25

30

35

WO 2022/221921 PCT/AU2022/050365

-27-

comprises selecting a candidate seed point from the plurality of candidate seed points
using the predicted probable direction to a further seed point of the coronary artery.

7. A method as claimed in claim 5 or claim 6, wherein the step of predicting a
probable direction to a further seed point is carried out using machine learning.

8. A method as claimed in any one of claims 5 to 7, wherein the line
representative of the coronary artery is a line representative of a centreline of the
coronary artery.

9. A method as claimed in any one of claims 5 to 8, wherein the step of predicting
a probable direction to a further seed point from an instant seed point comprises
starting with a seed point at or adjacent a predicted end of a coronary artery remote
from the aorta and successively predicting seed points from the remote end to the
aorta.

10. A method as claimed in any one of the preceding claims, comprising using
machine learning to detect intersection locations between coronary arteries and the
aorta.

11. A method as claimed in claim 10, wherein the step of using machine learning to
detect intersection locations between coronary arteries and the aorta comprises
carrying out an aorta segmentation process on the contrast cardiac CT data using
machine learning to predict the location of an ascending aorta in the contrast cardiac
CT data, and using the predicted ascending aorta location and the identified lines
representative of the coronary arteries.

12. A method as claimed in claim 11, comprising determining whether a coronary
artery connects to the aorta based on whether the coronary artery extends to a position
within a defined distance, such as 4mm, from the ascending aorta.

13. A method as claimed in any one of claims 5 to 9, comprising using a branch
detection algorithm to detect branches on the primary coronary arteries that were not
initially identified as corresponding to viable vessel representative lines.

14. A method as claimed in any one of the preceding claims, comprising a
representative artery line labeller that associates labels with identified arteries, the
labels identified using machine learning.
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15. A method as claimed in claim 14, wherein the labels are identified using at least
one classifier.

16. A method as claimed in claim 15, wherein the at least one classifier includes an
adaptive boosting (AdaBoost) algorithm to boost performance of the classifier.

17. A method as claimed in claim 15 or claim 16, wherein the at least one classifier
is arranged to classify a coronary artery based on a plurality of key coronary artery
features.

18. A method as claimed in claim 17, wherein key coronary artery features include
a location of an end of the coronary artery remote from the aorta, and direction vectors
indicative of a plurality of different locations along the coronary artery.

19. A method as claimed in claim 18, wherein the plurality of different locations are
disposed at a proximal location adjacent the aorta, at a location substantially mid
vessel, and at a location at or adjacent an end of the coronary artery remote from the
aorta.

20. A method as claimed in any one of the preceding claims when dependent on
claim 3, comprising modifying the parameter range used by the radiodensity test if a
determination is made that the identified coronary arteries are incorrect or incomplete.

21. A method as claimed in claim 20, wherein if the determination is that insufficient
coronary arteries have been identified, the method comprises widening the parameter
range such that the number of candidate seed points increases.

22. A method as claimed in any one of the preceding claims, wherein the
transverse image slice is a slice taken perpendicular to the coronary artery.

23. A method as claimed in any one of the preceding claims, wherein the step of
analysing the transverse image slice data using machine learning to produce inner
artery wall data and outer artery wall data comprises training the machine learning
component using ground truth data indicative of example transverse image slices that
include inner and outer artery walls and imaging artefacts indicative of coronary artery
disease.

24. A method as claimed in claim 23, wherein the ground truth data includes
multiple cross sectional image data slices for each of a set of multiple defined points
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along a ground truth coronary artery, the image slices including at least one image
data slice before the defined point and at least one image data slice after the defined
point.

25. A method as claimed in any one of the preceding claims, comprising using the
determined inner wall data to determine a cross-sectional lumen area, and using the
determined cross-sectional lumen area to identify stenosis.

26. A method as claimed in claim 25, comprising determining a reference cross
sectional area after each artery bifurcation, the reference area calculated by fitting a
linear regression line to an artery portion after the artery bifurcation, the linear
regression line indicative of a linear progressively reducing reference cross sectional
area, and identifying stenosis based on a comparison of a determined cross-sectional
area with a reference cross sectional area according to the linear regression line.

27. A method as claimed in claim 26, comprising identifying stenosis if the
comparison of the determined cross-sectional area with the reference cross sectional
area is indicative of a defined proportional difference.

28. A method as claimed in any one of the preceding claims, wherein the step of
identifying presence of coronary artery disease comprises determining a gap region
between the determined inner and outer wall data and analysing characteristics of the
gap region in order to characterise the coronary artery disease.

29. A method as claimed in claim 28, wherein the characteristics of the gap region
include the radiodensity of voxels associated with the gap region.

30. A method as claimed in any one of the preceding claims, wherein the step of
identifying presence of coronary artery disease comprises identifying high risk plagque.

31. A method as claimed in any one of the preceding claims, wherein the high risk
plague comprises spotty calcification and the method comprises identifying a spotty
calcification by applying a radiodensity test to identify candidate voxels in the gap that
are predicted to be associated with calcified plaques, and applying a connected
component analyser to associate related voxels together as calcified volumes.

32. A method as claimed in claim 31, wherein the step of identifying a spotty
calcification may further include applying a size test to each identified calcified volume
such that a calcified volume is identified as a spotty calcification if the calcified volume
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has a diameter less than a defined amount, such as 3mm.

33. A method as claimed in any one of the preceding claims, wherein the step of
identifying presence of coronary artery disease comprises identifying positive
remodelling based on whether a radial dimension and/or cross-sectional area and/or
volume of the gap is greater than a defined amount, or proportion compared to a
normal coronary artery.

34. A method as claimed in claim 33, wherein the proportion compared to a normal
coronary artery is about 10% greater than a normal vessel gap.

35. A method as claimed in any one of the preceding claims, comprising storing
different resolution versions of received contrast cardiac CT data and/or facilitating
conversion of received contrast cardiac CT data to lower resolutions so that coronary
artery disease analysis can be carried out on a selected resolution version, the
contrast cardiac CT data resolution selected based on desired accuracy and analysis
speed.

36. A method as claimed in any one of the preceding claims, comprising enabling a
user to edit the inner artery wall data.

37. A method as claimed in claim 36, comprising enabling a user to edit the inner
artery wall data by facilitating manual modification of a displayed inner artery wall using
an interface screen.

38. A method as claimed in claim 37, wherein the step of facilitating manual
modification of a displayed inner artery wall using an interface screen comprises
displaying a plurality of control points representative of the artery inner wall, and
enabling a user to move one or more of the control points.

39. A method as claimed in any one of claims 36 to 38, comprising enabling a user
to edit the inner artery wall data by facilitating selection of vessel stenosis, the system
modifying the inner artery wall data based on the selected stenosis.

40. A method as claimed in claim 39, comprising providing a plurality of selectable
stenosis ranges.

41. A method as claimed in claim 39 or claim 40, comprising enabling a user to edit
the inner artery wall data by facilitating selection of a stenosis level for a vessel



10

15

20

25

30

35

WO 2022/221921 PCT/AU2022/050365

-31-

segment and/or specific location within the vessel.

42. A method as claimed in any one of claims 39 to 41, comprising modifying the
inner artery wall data based on the selected stenosis by carrying out an iterative
process including the steps of modifying the lumen area of a selected slice and
subsequently recalculating vessel stenosis.

43. A method as claimed in claim 42, wherein if the stenosis level is proposed to be
reduced, the step of modifying the lumen area of a selected slice comprises reducing
the stenosis level of each slice that exceeds a maximum level associated with the
selected stenosis level by increasing the lumen area of the slice.

44, A method as claimed in claim 42 or claim 43, wherein if the stenosis level is
proposed to be increased, the step of modifying the lumen area of a selected slice
comprises identifying a slice with maximum stenosis and increasing the stenosis level
of the slice to be above the minimum level associated with the selected stenosis level
by reducing the lumen area of the slice.

45, A method as claimed in claim 43 or claim 44, wherein the iterative process
comprises 3 iterations.

46. A method as claimed in any one of claims 42 to 45, wherein if the stenosis level
of a vessel segment is determined to be 0%, the system is arranged to apply a disease
machine learning component to the vessel segment in order to identify potentially
stenotic lesions prior to carrying out the iterative process, the disease machine learning
component trained to recognise disease in coronary vessels.

47. A system for identifying coronary artery disease comprising:

receiving contrast cardiac CT data indicative of a contrast cardiac CT scan
carried out on a patient;

a vessel seed detector that analyses received contrast cardiac CT data
indicative of a contrast cardiac CT scan carried out on a patient using machine learning
to identify a plurality of seed points in the contrast cardiac CT data expected to
correspond to locations in cardiac arteries of the patient;

a vessel wall segmenter that produces data indicative of transverse image
slices of the cardiac arteries of the patient using the contrast cardiac CT data and the
identified seed points, the vessel wall segmenter analysing the transverse image slice
data using machine learning to produce inner artery wall data and outer artery wall
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data indicative of predicted respective inner and outer walls of the coronary arteries of
the patient; and

a disease assessment unit that identifies presence of coronary artery disease
using the predicted inner and/or outer walls of the coronary arteries of the patient.

48. A system as claimed in claim 47, wherein the vessel seed detector is arranged
to analyse the contrast cardiac CT data using machine learning to identify a plurality of
predicted seed points expected to correspond to locations on a coronary artery, and
apply a radiodensity test to the predicted seed points to produce a plurality of
candidate seed points.

49. A system as claimed in claim 48, wherein the radiodensity test comprises
filtering the contrast cardiac CT data so as to pass predicted seed points that have an
associated radiodensity value within a defined parameter range.

50. A system as claimed in claim 49, wherein the radiodensity test is a Hounsfield
Unit test and the defined parameter range is a Hounsfield Unit value between 100 and
600.

51. A system as claimed in any one of claims 46 to 49, comprising a vessel tracker
arranged to determine seed points predicted to correspond to locations on a coronary
artery by predicting from an instant seed point a probable direction to a further seed
point of the coronary artery in order to identify a line representative of the coronary
artery.

52. A system as claimed in claim 51 when dependent on claim 48, wherein the
vessel tracker is arranged to determine seed points predicted to correspond to
locations on a coronary artery by selecting a candidate seed point from the plurality of
candidate seed points using the predicted probable direction to a further seed point of
the coronary artery.

53. A system as claimed in claim 51 or claim 52, comprising predicting a probable
direction to a further seed point using machine learning.

54. A system as claimed in any one of claims 51 to 53, wherein the line
representative of the coronary artery is a line representative of a centreline of the
coronary artery.
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55. A system as claimed in any one of claims 51 to 54, comprising predicting a
probable direction to a further seed point from an instant seed point by starting with a
seed point at or adjacent a predicted end of a coronary artery remote from the aorta
and successively predicting seed points from the remote end to the aorta.

56. A system as claimed in any one of claims 47 to 55, wherein the vessel tracker
is arranged to use machine learning to detect intersection locations between coronary
arteries and the aorta.

57. A system as claimed in claim 56, wherein the vessel tracker is arranged to use
machine learning to detect intersection locations between coronary arteries and the
aorta by carrying out an aorta segmentation process on the contrast cardiac CT data
using machine learning to predict the location of an ascending aorta in the contrast
cardiac CT data, and using the predicted ascending aorta location and the identified
lines representative of the coronary arteries.

58. A system as claimed in claim 57, wherein the vessel tracker is arranged to
determine whether a coronary artery connects to the aorta based on whether the
coronary artery extends to a position within a defined distance, such as 4mm, from the
ascending aorta.

59. A system as claimed in any one of claims 51 or claim 55, wherein the vessel
tracker is arranged to use a branch detection algorithm to detect branches on the
primary coronary arteries that were not initially identified as corresponding to viable
vessel representative lines.

60. A system as claimed in any one of claims 47 to 59, comprising a representative
artery line labeller that associates labels with identified arteries, the labels identified
using machine learning.

61. A system as claimed in claim 60, wherein the labels are identified using at least
one classifier.

62. A system as claimed in claim 61, wherein the at least one classifier includes an
adaptive boosting (AdaBoost) algorithm to boost performance of the classifier.

63. A system as claimed in claim 61 or claim 62, wherein the at least one classifier
is arranged to classify a coronary artery based on a plurality of key coronary artery
features.
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64. A system as claimed in claim 63, wherein key coronary artery features include a
location of an end of the coronary artery remote from the aorta, and direction vectors
indicative of a plurality of different locations along the coronary artery.

65. A system as claimed in claim 64, wherein the plurality of different locations are
disposed at a proximal location adjacent the aorta, at a location substantially mid
vessel, and at a location at or adjacent an end of the coronary artery remote from the
aorta.

66. A system as claimed in any one of claims 47 to 65 when dependent on claim
48, wherein the vessel seed detector is arranged to modify the parameter range used
by the radiodensity test if a determination is made that the identified coronary arteries
are incorrect or incomplete.

67. A system as claimed in claim 66, wherein if the determination is that insufficient
coronary arteries have been identified, the vessel seed detector widens the parameter
range such that the number of candidate seed points increases.

68. A system as claimed in any one of claims 47 to 67, wherein the transverse
image slice is a slice taken perpendicular to the coronary artery.

69. A system as claimed in any one of claims 47 to 68, wherein the vessel wall
segmenter is arranged to analyse the transverse image slice data using machine
learning to produce inner artery wall data and outer artery wall data by training the
machine learning component using ground truth data indicative of example transverse
image slices that include inner and outer artery walls and imaging artefacts indicative
of coronary artery disease.

70. A system as claimed in claim 69, wherein the ground truth data includes
multiple cross sectional image data slices for each of a set of multiple defined points
along a ground truth coronary artery, the image slices including at least one image
data slice before the defined point and at least one image data slice after the defined
point.

71. A system as claimed in any one of claims 47 to 70, wherein the disease
assessment unit is arranged to use the determined inner wall data to determine a
cross-sectional lumen area, and using the determined cross-sectional lumen area to
identify stenosis.
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72. A system as claimed in claim 71, wherein the disease assessment unit is
arranged to determine a reference cross sectional area after each artery bifurcation,
the reference area calculated by fitting a linear regression line to an artery portion after
the artery bifurcation, the linear regression line indicative of a linear progressively
reducing reference cross sectional area, and to identify stenosis based on a
comparison of a determined cross-sectional area with a reference cross sectional area
according to the linear regression line.

73. A system as claimed in claim 72, comprising identifying stenosis if the
comparison of the determined cross-sectional area with the reference cross sectional
area is indicative of a defined proportional difference.

74. A system as claimed in any one of claims 47 to 73, wherein the disease
assessment unit is arranged to identify presence of coronary artery disease by
determining a gap region between the determined inner and outer wall data and
analysing characteristics of the gap region in order to characterise the coronary artery
disease.

75. A system as claimed in claim 74, wherein the characteristics of the gap region
include the radiodensity of voxels associated with the gap region.

76. A system as claimed in any one of claims 47 to 75, wherein the disease
assessment unit is arranged to identify presence of coronary artery disease by
identifying high risk plaque.

77. A system as claimed in any one of claims 47 to 76, wherein the high risk plaque
comprises spotty calcification and the disease assessment unit is arranged to identify a
spotty calcification by applying a radiodensity test to identify candidate voxels in the
gap that are predicted to be associated with calcified plaques, and applying a
connected component analyser to associate related voxels together as calcified
volumes.

78. A system as claimed in claim 77, wherein the disease assessment unit is
arranged to apply a size test to each identified calcified volume such that a calcified
volume is identified as a spotty calcification if the calcified volume has a diameter less
than a defined amount, such as 3mm.

79. A system as claimed in any one of claims 47 to 78, wherein the disease
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assessment unit is arranged to identify presence of coronary artery disease by
identifying positive remodelling based on whether a radial dimension and/or cross-
sectional area and/or volume of the gap is greater than a defined amount, or proportion
compared to a normal coronary artery.

80. A system as claimed in claim 79, wherein the proportion compared to a normal
coronary artery is about 10% greater than a normal vessel gap.

81. A system as claimed in any one of claims 47 to 80, wherein the system is
arranged to store different resolution versions of received contrast cardiac CT data
and/or facilitating conversion of received contrast cardiac CT data to lower resolutions
so that coronary artery disease analysis can be carried out on a selected resolution
version, the contrast cardiac CT data resolution selected based on desired accuracy
and analysis speed.

82. A system as claimed in any one of claims 47 to 81, wherein the system is
arranged to enable a user to edit the inner artery wall data.

83. A system as claimed in claim 82, wherein the system is arranged to enable a
user to edit the inner artery wall data by facilitating manual modification of a displayed
inner artery wall using an interface screen.

84. A system as claimed in claim 83, wherein the system is arranged to facilitate
manual modification of a displayed inner artery wall by displaying a plurality of control
points representative of the artery inner wall, and enabling a user to move one or more
of the control points.

85. A system as claimed in any one of claims 82 to 84, wherein the system is
arranged to enable a user to edit the inner artery wall data by facilitating selection of
vessel stenosis, the system modifying the inner artery wall data based on the selected
stenosis.

86. A system as claimed in claim 85, wherein the system provides a plurality of
selectable stenosis ranges.

87. A system as claimed in claim 85 or claim 86, wherein the system is arranged to
enable a user to edit the inner artery wall data by facilitating selection of a stenosis
level for a vessel segment and/or specific location within the vessel.
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88. A system as claimed in any one of claims 85 to 87, wherein the system is
arranged to modify the inner artery wall data based on the selected stenosis by
carrying out an iterative process including the steps of modifying the lumen area of a
selected slice and subsequently recalculating vessel stenosis.

89. A system as claimed in claim 88, wherein if the stenosis level is proposed to be
reduced, the system is arranged to modify the lumen area of a selected slice by
reducing the stenosis level of each slice that exceeds a maximum level associated with
the selected stenosis level by increasing the lumen area of the slice.

90. A system as claimed in claim 88 or claim 89, wherein if the stenosis level is
proposed to be increased, the system is arranged to modify the lumen area of a
selected slice by identifying a slice with maximum stenosis and increasing the stenosis
level of the slice to be above the minimum level associated with the selected stenosis
level by reducing the lumen area of the slice.

91. A system as claimed in claim 89 or claim 90, wherein the iterative process
comprises 3 iterations.

92. A system as claimed in any one of claims 88 to 91, wherein if the stenosis level
of a vessel segment is determined to be 0%, the system is arranged to apply a disease
machine learning component to the vessel segment in order to identify potentially
stenotic lesions prior to carrying out the iterative process, the disease machine learning
component trained to recognise disease in coronary vessels.



WO 2022/221921 PCT/AU2022/050365

1/10

Vel /
Interface
143 140 device
~ ~
PACS PACS Interface |, 24
device
[ L 24
Interface
device
- 26
DICOM CAD analysis
server device
20
- 22
PHI _ Data store
anonymiser
Fig. 1

SUBSTITUTE SHEET (RULE 26)



WO 2022/221921

2/10

PCT/AU2022/050365

20
Data store
) , 50 - 26
A I
nomaly detector 50 | P 8
Seed parameter Vv | q
modifier eSsel see
detector
35
L 46 ! - 34 /
) ) tracker segmenter
Centreline labelling
machine learning -48
component
b Vessel wall |- 94
segmenter
86
Disease d
Assessment unit
\ 4
120
Report d
generator
Fig. 2

SUBSTITUTE SHEET (RULE 26)



WO 2022/221921

3/10

PCT/AU2022/050365

L 28 L 54
Vessel seed detector Vessel wall segmenter
L 56
Vessel seed machine A 30 Wall segmenter machine ¥
learning component learning component
| 32 : A 58
Candidate seed point /] Slice analyser
determiner
_ 60
Connected component ¢
analyser
Fig. 3
9y Fig. 5
Z
Centreline tracker
. _ _ . 36
Centreline tracking machine
learning component
_ 38
Centreline direction d
predictor
_ 40
/
Seed point connector
Aorta intersection AT 42
determiner
_ 44
e
Artery branch detector

Fig. 4

SUBSTITUTE SHEET (RULE 26)



WO 2022/221921

PCT/AU2022/050365

4/10

Bifurcatio

74
L0 —eo
72
b)
74
& 76
82
—, %2
Lumen area determiner
v Ve 94 88

n detector v~

- 96
Post branch reference
area determiner
: : L 98
Linear regression |~
analyser
\ 4
100
Post processor ¥~
y Ve 102
Stenosis category _
determiner Fig. 7

SUBSTITUTE SHEET (RULE 26)



PCT/AU2022/050365

SUBSTITUTE SHEET (RULE 26)

WO 2022/221921
5/10 P 90 14
)4
Low Spotty calcification Positive
attenuation determiner remodelling
plaque determiner _
determiner Connected // 1
P component Inner/outer
104 108 analyser wall gap
determiner
Size
A1 thresholder
110 Gap
radiodensity
= Non analyser
112 calcified/mixed
P plaque \\
106 determiner 118
Fig. 8



WO 2022/221921 PCT/AU2022/050365

6/10
132
~ 130

Extract CCTA data from data store e

v
: : : 134
Use vessel seed point machine learning component ¥~
to identify predicted vessel seed points

w

136

Apply radiodensity filter to predicted vessel seed |/~
points to identify candidate vessel seed points

v Z
Use centreline tracking machine learning component to identify
candidate vessel seed points predicted to be located on
coronary artery centrelines by starting at a location remote from
the aorta and predicting the direction to the next seed point
v

Segment cardiac region to determine the y~
predicted location of the ascending aorta

138

140

T L 142
Predict the intersection locations between the main coronary
arteries and the aorta using the aorta segmentation
; _ _ - 144
Apply branch detection algorithm to
detect coronary artery branches
146

v Z

Label detected coronary arteries using a
centreline labelling machine learning component

|

Fig. 9

SUBSTITUTE SHEET (RULE 26)



WO 2022/221921 PCT/AU2022/050365

7/10
T - 150
: 148
I\/Iodﬁy : N Coronary arteries
radiodensity e
filter sufficiently
e detected?
parameters

Sample the CCTA data to produce image slice data,
each image slice intersecting with a detected centreline
and extending transversely across a coronary artery

v

Use wall segmenter machine learning component
to produce inner wall and outer wall lumen data
based on the sampled image slices

~

v z

Use the inner wall data to determine the cross-
sectional area defined by the inner wall and use the
determined area to identify and characterise stenosis

v

Analyse gaps between the inner and outer |~
walls to determine presence of high-risk
plaques or positive remodelling

158

v z

Display representations of coronary artery cross-
sections using the inner and outer wall data and the
analysis of the gaps between the inner and outer walls

Y

Generate a report indicative of v 162
presence of stenosis and/or high-
risk plagues in the CCTA data

Fig. 9

SUBSTITUTE SHEET (RULE 26)

154

156

160



WO 2022/221921 PCT/AU2022/050365

8/10

175

176

172 174

70
72

176

Fig. 10

70

180
182

Fig. 11

SUBSTITUTE SHEET (RULE 26)



WO 2022/221921 PCT/AU2022/050365

9/10

178

74

184

"~ 180

Fig. 12

192
190 \ Initial Round 1 Round 2 /

\

Slice 10 ‘

196

19
Slice 11 .
Slice 12 @

188

4

Fig. 13

SUBSTITUTE SHEET (RULE 26)



WO 2022/221921 PCT/AU2022/050365

10/10
L 202
_ 200
User selects new stenosis category v
al
If stenosis level is reduced, reduce the stenosis level of > 204

each slice that exceeds the maximum level of the new
stenosis category by applying a small dilation to the slice

v

If stenosis level is increased, identify the slice with the | - 206
maximum stenosis and increase the stenosis level of the
slice to be above the minimum level of the new stenosis

category by applying a small erosion to the slice

y 208
Recalculate the stenosis level for the vessel segment

Calculated stenosis
level fits with new
stenosis category?

Fig. 14

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No.

PCT/AU2022/050365

A. CLASSIFICATION OF SUBJECT MATTER
A61B 6/00 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation scarched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal (PATENW, NPL, MEDLINE)

CPC: A61B6/5217, A61B6/481, A61B6/5223, GO6V10/82, A61B6/504; Keywords: coronary, machine learning, vessel, stenosis, calcification,

arterial wall, and similar terms

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to
claim No.

Documents are listed in the continuation of Box C

m Further documents are listed in the continuation of Box C

IYI See patent family annex

* Special categories of cited documents:
"A"  document defining the general state of the art which is not
considered to be of particular relevance

"D"  document cited by the applicant in the international application

"E"  earlier application or patent but published on or after the
international filing date

"L"  document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

"O"  document referring to an oral disclosure, use, exhibition or other

means

"P"  document published prior to the international filing date but

later than the priority date claimed

"

'

yn

"&"

later document published after the international filing date or priority date and not
in conflict with the application but cited to understand the principle or theory
underlying the invention

document of particular relevance; the claimed invention cannot be considered
novel or cannot be considered to involve an inventive step when the document is
taken alone

document of particular relevance; the claimed invention cannot be considered to
involve an inventive step when the document is combined with one or more other
such documents, such combination being obvious to a person skilled in the art

document member of the same patent family

Date of the actual completion of the international search
20 June 2022

Date of mailing of the international search report
20 June 2022

Name and mailing address of the ISA/AU

AUSTRALIAN PATENT OFFICE
PO BOX 200, WODEN ACT 2606, AUSTRALIA

Email address: pct@ipaustralia.gov.au

Authorised officer

Blair Harkness

AUSTRALIAN PATENT OFFICE
(ISO 9001 Quality Certified Service)
Telephone No. +61262832364

Form PCT/ISA/210 (fifth sheet) (July 2019)




INTERNATIONAL SEARCH REPORT

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

International application No.

PCT/AU2022/050365

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

US 2019/0244347 Al (EUCLID BIOIMAGING INC.) 08 August 2019

Y [0168] - [0175], figs 1 and 4 1-12,20-35,47-58, 66 -
81
Wolterink, Jelmer M., et al. "Coronary artery centerline extraction in cardiac CT
angiography using a CNN-based orientation classifier." Medical image analysis 51
(2019): pages 46-60.
Y sections 3.3, 3.4, 4.1.3; pages 5, 6, 10, 11 1-12,20-35,47 - 58, 66 -
81
US 2019/0318476 Al (PIE MEDICAL IMAGING B.V.) 17 October 2019
A Whole document 1-92
US 2019/0172211 A1 (AGFA HEALTHCARE) 06 June 2019
A Whole document 1-92
WO 2012/083350 A1 (OTTON, JAMES MAXWELL) 28 June 2012
A Whole document 1-92

Form PCT/ISA/210 (fifth sheet) (July 2019)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/AU2022/050365

This Annex lists known patent family members relating to the patent documents cited in the above-mentioned international search
report. The Australian Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

Patent Document/s Cited in Search Report Patent Family Member/s
Publication Number Publication Date Publication Number Publication Date
US 2019/0244347 A1l 08 August 2019 US 2019244347 A1l 08 Aug 2019
US 11094058 B2 17 Aug 2021
CN 112567378 A 26 Mar 2021
EP 3803687 Al 14 Apr 2021
JP 2021525929 A 27 Sep 2021
KR 20210042267 A 19 Apr 2021
US 2017046839 Al 16 Feb 2017
US 10176408 B2 08 Jan 2019
US 2019159737 Al 30 May 2019
US 11071501 B2 27 Jul 2021
US 2019172197 Al 06 Jun 2019
US 11087459 B2 10 Aug 2021
US 2019244348 A1 08 Aug 2019
US 11087460 B2 10 Aug 2021
US 2019180438 Al 13 Jun 2019
US 11113812 B2 07 Sep 2021
US 2019180153 Al 13 Jun 2019
US 11120312 B2 14 Sep 2021
US 2021282719 Al 16 Sep 2021
US 2021312622 Al 07 Oct 2021
US 2021390689 Al 16 Dec 2021
US 2022012865 Al 13 Jan 2022
US 2022012877 Al 13 Jan 2022
WO 2017096407 Al 08 Jun 2017
WO 2019231844 Al 05 Dec 2019
US 2019/0318476 Al 17 October 2019 US 2019318476 Al 17 Oct 2019
US 10699407 B2 30 Jun 2020
CN 112368781 A 12 Feb 2021
EP 3776588 Al 17 Feb 2021
JP 2021520896 A 26 Aug 2021
US 2020394795 A1l 17 Dec 2020
WO 2019197450 Al 17 Oct 2019
US 2019/0172211 Al 06 June 2019 US 2019172211 Al 06 Jun 2019

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001.

Form PCT/ISA/210 (Family Annex)(July 2019)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/AU2022/050365

This Annex lists known patent family members relating to the patent documents cited in the above-mentioned international search
report. The Australian Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

Patent Document/s Cited in Search Report

Patent Family Member/s

Publication Number Publication Date Publication Number Publication Date
US 10853948 B2 01 Dec 2020
CN 109478327 A 15 Mar 2019
CN 109478327 B 11 Mar 2022
EP 3497669 Al 19 Jun 2019
EP 3497669 B1 17 Feb 2021
WO 2018029237 Al 15 Feb 2018

WO 2012/083350 Al 28 June 2012 WO 2012083350 Al 28 Jun 2012

End of Annex

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001.

Form PCT/ISA/210 (Family Annex)(July 2019)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - wo-search-report
	Page 51 - wo-search-report
	Page 52 - wo-search-report
	Page 53 - wo-search-report

