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(57) Abstract: The present invention relates to the field of medical imaging
in the absence of contrast agents. In one form, the invention relates to the
field of imaging vessels, particularly blood vessels such as the pulmonary
vasculature and is suitable for use as a technique for detecting pulmonary
embolism (PE), such as acute PE. Embodiments of the present invention
provide improved image processing techniques having the capability to ex-
tract and use image data to overcome the need for contrast agents to distin-
guish between different types of tissue. Furthermore, it has also been realised
that the image data accessed by the improved image processing can be used
to identify irregularities in vessels.
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METHOD AND SYSTEM FOR IMAGING

FIELD OF INVENTION

[0001] The present invention relates to the field of medical imaging in the absence of

contrast agents.

[0002] In one form, the invention relates to the field of imaging vessels, particularly

blood vessels such as the pulmonary vasculature.

[0003] In one particular aspect the present invention is suitable for use as a technique

for detecting pulmonary embolism (PE), such as acute PE.

[0004] It will be convenient to hereinafter describe the invention in relation to
detecting abnormalities in the pulmonary vasculature that correlate with PE, however it
should be appreciated that the present invention is not so limited and can be used for the
detection of other irregularities of pulmonary vasculature, or irregularities of other
vasculature. Furthermore, although the invention is principally exemplified with reference
to imaging of small animals for the purpose of investigative research, the invention is not
so limited and is suitable for a wide range of human medical applications, as well as

veterinary applications.

[0005]  Furthermore, it will also be convenient to hereinafter describe the invention in
relation to computed tomography (CT) however, it should be appreciated that the present
invention is not limited to that imaging technique and could, for example, be used with
other forms of imaging, including X-ray computed tomography (X-ray CT, often simply
shortened to CT), particularly 4D-CT, MRI, ultrasound, or any other imaging method that
acquires a three-dimensional (3D) image, or multiple 3D images over time. It will be
understood that this includes techniques that acquire a series of two-dimensional (2D)

images in order to create a 3D reconstruction.



WO 2017/147642 PCT/AU2017/000054

BACKGROUND ART

[0006] It is to be appreciated that any discussion of documents, devices, acts or
knowledge in this specification is included to explain the context of the present invention.
Further, the discussion throughout this specification comes about due to the realisation
of the inventor and/or the identification of certain related art problems by the inventor.
Moreover, any discussion of material such as documents, devices, acts or knowledge in
this specification is included to explain the context of the invention in terms of the
inventor's knowledge and experience and, accordingly, any such discussion should not
be taken as an admission that any of the material forms part of the prior art base or the
common general knowledge in the relevant art in Australia, or elsewhere, on or before

the priority date of the disclosure and claims herein.

[0007] In the past, X-ray CT has been extensively used in radiography to investigate
the anatomy and function of internal organs such as the lungs. Digital geometry
processing is routinely used to generate a three-dimensional (3D) image of the inside of
the lung from a series of two-dimensional (2D) radiographic images taken around a
single axis of rotation. CT uses computer processed X-rays to produce tomographic

images (virtual ‘slices’) of specific areas of a lung.

[0008] In so-called 4D imaging, a time series of 3D images are collected. This can
include acquiring a series of 2D images, and reconstructing a time series of 3D images
from the 2D images. Specifically, in 4D X-ray CT, the X-ray slice data is generated using
an X-ray source that rotates around a non-stationary object (e.g. a breathing human). X-
ray detectors are positioned opposite to the X-ray source. It is possible to use a large
range of X-ray CT devices to acquire 4D data. For example, standard, helical or spiral
CT machines can be used to collect 4D data. Early versions of the imaging machines
operated by rotating the X-ray source and detectors around a stationary patient.
Following each complete rotation, the patient would be moved axially and the next
rotation carried out. Newer machines have been designed to allow continuous rotation of
the X-ray source and detectors while the patient is slowly and smoothly slid through the

X-ray circular shroud. These are called helical or spiral CT machines.
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[0009] A typical helical or spiral X-ray CT scan involves 10 to 50 rotations of the X-ray
source around the patient, each coordinated with the table (on which the patient rests)
moving through the circular shroud (which houses the X-ray source and X-ray detector).
Fast scanning is carried out at a rate of about 4 rotations/sec, with the detector taking
about 1000 ‘snapshots’ per rotation. Each ‘snapshot’ is carried out at one position
(angle, or projection angle) of the X-rays source. Typically between 40,000 to 200,000

images are collected in a 4D-CT.

[0010] CT can be used for imaging most body structures and is particularly useful for
detecting both acute and chronic changes inside the lungs. However, the vasculature
and changes to the vasculature (such as PE) are difficult to clearly visualise in and
typically require the use of contrast agents such as iodine to enhance contrast and hence

visibility.

[0011] PE is a blockage in the blood vessels of the lungs by a substance that has
travelled from elsewhere in the body through the blood stream (embolism). Typically, PE
is caused by the migration of a blood clot from a deep vein in an extremity (usually the
legs) through the right side of the heart and into the pulmonary arteries. A small
proportion of cases are caused by the embolisation of air, fat or amniotic fluid. PE is a

common and sometimes fatal condition with mortality rates ranging from 14 to 28%.

[0012] To achieve the best outcomes for a patient with a PE, their PE requires rapid
diagnosis and treatment. The obstruction of the blood flow through the lung vasculature,
and the resultant pressure on the right ventricle of the heart, lead to the signs and
symptoms of PE, such as difficulty in breathing, chest pain, heart palpitations, or possibly
patient collapse. The clinical signs and symptoms provide some clues towards a

diagnosis of PE, but ultimately a definitive diagnosis of PE requires imaging.

[0013] Contrast enhanced imaging, such as contrast enhanced computed
tomography pulmonary angiography (CTPA) is rapidly replacing ventilation/perfusion
scanning as the imaging modality of choice for diagnosing PE. A medical contrast agent
is a substance that enhances the contrast of structure or fluids within the body in medical
imaging, and thus enhances their visibility. However, adverse medical conditions can be

caused by administration of contrast agents. Reactions can range from minor to severe.
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Risk factors for developing severe reactions include strong allergies, bronchial asthma,
cardiac disease and use of certain drugs. Contrast medium induced nephropathy (CIN)

is the third most common cause of in-hospital acute renal failure.

[0014] Many attempts have been made to improve the quality of pulmonary imaging.
For example, US Patent 7,970,189 and US patent application 2011/0051885 (Buelow et
al) describe collecting pulmonary images, followed by segmentation of both the bronchus
and arteries, including radii. The locations exhibiting visual anomalies are presented to a
medical specialist, such as radiologist, for manual review and visual assessment to try
and discern pulmonary problems, such as pulmonary embolism. Similarly US Patent
7,583,829 describes the use of segmentation of lung images and analysis of pulmonary
sub-trees that may be affected by PE. However, these types of prior art imaging rely on
the use of contrast agents to aid visualization (i.e. aid visualisation of the blood in the

vasculature).

[0015]  US patent application 2005/0240094 (Pichon et al) relates to visualization of a
vascular tree structure from high-resolution contrast-enhanced computed tomography
(CT) by segmenting the tree structure, then colouring the surface of the tree structure
according to data associated with the internal tree structure, for example size data. The

visualisation can then be manually reviewed.

[0016] US patent application 2009/0252394 (Liang et al.) teaches a method for
detection of pulmonary emboli in CTPA. The method includes identifying a pulmonary
emboli ‘candidate’ comprising a cluster of voxels, then determining if the ‘candidate’ is a
true or a false positive, based on a spatial distribution of intensity values of the voxels in

the cluster.

[0017] US patent 7,876,936 (Raffy) teaches a method for processing a series of
contrast enhanced CT sections of a pulmonary region to separate arteries from veins.
The method includes interaction between a radiologist and a computer to separately
identify pulmonary arteries and veins, computerised scanning of the vessels for
characteristics of embolism, and comparison of the radiologist and computer data to
produce a diagnosis. For example, this may include presenting pulmonary vasculature

to the radiologist, who then traces the artery tree of interest. Automatic abnormality
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detection, based on the change in image intensity of the blood in the blood vessels, is
then performed on the vessels of the traced tree to eliminate false positives associated

with pulmonary veins.

[0018]  Wittram et al. (Wittram et al. (2004) CT Angiography of Pulmonary Embolism:
Diagnostic Criteria and Causes of Misdiagnosis RadioGraphics) teaches the typical
procedure of using image intensity values for the computer aided detection of pulmonary
emboli in CT angiography images with contrast. The existence of an embolus results in

the following defects in CT angiography images:

a. Complete filling defects where contrast does not fill the vessel due to the
existence of a large embolus. Image intensities downstream of the embolus

are darker as there is no contrast in this part of the vessel,

b. Partial filling defects where little contrast passes through and there are

annular regions of high image intensity around the embolus,

C. And other defects such as: wedge-shaped areas of hyperattenuation
represent regions of lung infarction that are associated with loss of blood
supply to that region of the lung; and contrast material flowing through

thickened but smaller arteries that have re-opened (recanalization).

[0019] A publication by Staring et al. (Staring M et al. (2012) Pulmonary vessel
segmentation using vessel enhancement filters, 1SBI 2012 http://www.vessel12.grand-
challenge.org) describes pulmonary vessel segmentation using Hessian-based multi-
scale shape (vesselness) filters on imaging data, allowing manual inspection of the

pulmonary vessels.

[0020] Rudyanto et al. (Rudyanto, RD et al. (2015) Quantification of pulmonary vessel
diameter in low-dose CT images SPIE Medical Imaging 2015) describes a method for
quantification of the diameter of plastic, rubber and silicone tubes using the scale of a

multi-scale shape (vesselness) filter.
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[0021]  Jimenez Carretero et al. (Jimenez-Carretero et al. (2013) 3D Frangi-based lung
vessel enhancement filter penalizing airways |EEE 10th International Symposium on
Biomedical Imaging USA 2013) describe a method for segmenting vasculature utilizing
the Frangi filter. The method involves identifying airway walls to allow removal of the
airway wall before lung vessel segmentation. The method uses a single filtering

framework to identify airway walls and lung vasculature.

[0022] Sun etal. (Sun et al. (2014) Detection of central pulmonary embolism on non-
contrast computed tomography: a case confrol study International Journal of
Cardiovascular Imaging) investigated the practicality of manual detection of embolism in
the large central pulmonary arteries from contrast-free CT scans. The technique
investigated requires a radiologist to assess the standard CT scans. The investigation
found that non-contrast CT is not suitable for detecting central pulmonary embolism.

[0023] Therefore there is a need for an improved method of using imaging as a
diagnostic, particularly for irregularities in vasculature that are indicative of disease or
other disorders.

SUMMARY OF INVENTION

[0024] It is an object of the embodiments described herein to overcome, or alleviate,
at least one of the above noted drawbacks of related art systems, or to at least provide a

useful alternative to related art systems.

[0024a] In one aspect of embodiments described herein, there is provided a method of
scanning for vascular irregularities in at least one in vivo image acquired in the absence
of contrast agent, the method including: applying a multi-scale filter to the in vivo image
to provide a probability field and a scale field; performing vessel segmentation on the
probability field to extract a vasculature tree from the probability field; mapping the scale
field to the segmented vasculature tree to quantify the geometry of the vasculature tree;
and performing an automated geometric analysis on the quantified geometry to detect

irregularities in the vasculature.
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[0025] In another aspect of embodiments described herein, there is provided a method

of detecting an irregularity in lung vasculature, the method comprising steps of:

(1)  providing at least one image of a lung vasculature comprising one or more
vessels, the at least one image having been captured in vivo in the absence

of contrast agent,

(2) applying a filter to the at least one image to create an output including a
probability and scale field for the lung vasculature, and using one or two
forms of the output to segment and quantify the geometry of the lung

vasculature,

(3) analysing the output in conjunction with geometric analysis to detect

irregularities in the one or more vessels of the lung vasculature.

[0026] One embodiment of a typical method of the prior art is depicted in Fig. 1. While
attempts have been made in the past to analyse images captured in the absence of
contrast agent, none of the prior art studies have hitherto been successfully used for PE
detection.

[0027] Preferably, in the method of the present invention, step (2) above comprises

the following sub-steps:
(2)(a) performing a Hessian-based multi-scale shape filter (as per Frangi 1998)
on the image from step (1) to provide a probability field for the lung

vasculature,

(2)(b) carrying out flood-fill selection of the probability field for the lung vasculature

to yield a binary image,

(2)(c) carrying out binary segmentations of the binary image, and

(2)(d) performing vessel centreline extraction from the binary segmentation,
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(2)(e) associating the scale from the shape filter (filter size which yields greatest
probability that any given point on the image belongs to a tubular structure)
to each point along the centreline of the vasculature tree to obtain local
geometry data.

[0028] The at least one image may be any one or any combination of multiple 2D
images and/or at least one 3D image.
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[0029] It is envisaged that one or more of the above sub-steps may be included in the

method, and that the method need not incorporate all of the above sub-steps.

[0030] In a preferred embodiment the irregularity detected is indicative of the
presence of PE. Typically an embolism comprises a blood clot or air bubble, but may
also comprise other foreign matter such as certain types of proteins or fats, or clumps of

platelets, fibrin or other blood components as in a thrombotic embolism.

[0031] Vessel irregularity can be detected based on the diameter of one, or multiple,
successive vessels in the vasculature. The filter used in the method, such as a Hessian-
based multi-scale shape filter, provides a measure of the probability that a vessel of a
given size exists at each image voxel. When measured at the centre of a vessel, the
scale that gives the maximum probability of the vessel belonging to a tubular structure
(i.e. the vessel’s ‘vesselness’) represents the size, or calibre (diameter), of that vessel.
Accordingly, the method of the present invention may include utilising the vessel
centerlines and extracting the scale at which the greatest vesselness probability value
exists at each centerline point. The term ‘voxel’ is well known in computer-based
modelling or graphic simulation to refer to each of an array of elements of volume that
constitute a notional three-dimensional space, especially each of an array of discrete

elements into which a representation of a three-dimensional object is divided.

[0032] The irregularities detected by the method of the present invention could be
used, for example, to classify segments (or portions) of the vasculature as (i) normal, (ii)
PE present, and (iii) otherwise not normal, which may be indicative of other forms of lung
or vascular disease. The irregularity detected will typically correspond to changes in
vessel diameter. It is characteristic of PE that the vessel exhibits a distorted shape
immediately adjacent to the embolism. For example, in the case of partial occlusion of
the vessel, it is often characteristic of PE that the vessel bulges and has increased
diameter ‘upstream’ of the embolism where blood pressure is increased, while
‘downstream’ from the embolism the vessel diameter is less than usual due to reduced
blood pressure. And in the case of a complete occlusion of the vessel, the vessel may
bulge outwards resulting in an increased vessel diameter following by a complete cut-off
of vessel signal or discontinuity in the probability field. This type of irregularity may

potentially act as a ‘signature’ to identify the nature of the PE.
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[0033] The method of the present invention is particularly well adapted to the
detection of irregularities in the pulmonary vasculature. This is due to the strong signal
as detected by the Hessian filter, which is in turn due to the large differential between the
low density of lung tissue, and the air therein, and the comparatively high density of

pulmonary blood vessels.

[0034] The method of the present invention does not require the use of contrast
agents that can cause adverse reactions in patients. Furthermore, because the method
does not require a specific or unique imaging protocol, the method can be used to
analyse previously acquired (contrast-free) imaging data, such as CT data in existing

collections.

[0035] In a preferred embodiment, the method of the present invention additionally

includes the step of segmenting the probability field for the lung vasculature from step

(2).

[0036] Where used herein the term ‘vascular segmentation’ refers to the separation,
or extraction, of the vasculature data from the 3D image. In particular, vessel
segmentation may involve extracting the vasculature tree from the probability field.
Segmentation can be performed on an anatomical or geometric basis. In some
applications of the present invention geometric division will be adequate. Geometric
division does not require additional anatomical information, and can be obtained at far
less computer and labour cost (e.g. performing an image intensity threshold process).
Alternatively, the segmentation may be associated with a particular region of the
anatomy or anatomical feature (e.g. a region growing process in which a region of clearly
identifiable vasculature is selected as the seed point). Segmentation on an anatomical
basis is particularly preferred because, in comparison to imaging methods of the prior art,

it is more physiologically and medically relevant, less arbitrary, and easier to use.

[0037] In another aspect of embodiments described herein there is provided an
application stored on non-transitory medium adapted to enable detection of an
irregularity in vasculature, said application comprising a predetermined instruction set

adapted to enable the method steps of the present invention.
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[0038] In yet a further aspect of embodiments described herein there is provided a
computer readable storage medium for storing in non-transient form an application to
enable segmentation of images of vasculature to provide segmented images and
analysis of the segmented images to detect irregularities according to the method of the

present invention.

[0039] In yet a further aspect of embodiments described herein there is provided an

apparatus when used for the method of the invention, the apparatus comprising:

(i) one or more energy source;

(i) one or more detectors for recording images of vasculature, the images
being created by energy from the one or more energy sources passing

through a sample comprising vasculature; and

(i) a sample retainer for locating the sample intermediate the one or more
energy sources and the one or more detectors; wherein in use, the sample
retainer rotates the sample through multiple energy projection angles and
at least one image of vasculature is recorded at each of the projection
angles to provide multiple images of the vasculature in the absence of a

contrast agent.

[0040] Preferably the apparatus includes a processing means for carrying out steps 1
to 3 of the method described above. In a preferred embodiment the processing means is
used for segmenting the images of vasculature to provide segmented images, and

analysing the segmented images to detect irregularities in the vasculature.

[0041] In yet a further aspect of embodiments described herein there is provided an
apparatus for use with the method described above, the apparatus comprising: (i) a
rotatably mounted energy source; and (ii) a rotatably mounted detector positioned
opposite the energy source for recording images of vasculature, the images being
created by energy from the energy source passing through a sample having vasculature,
wherein in use the detector and energy source rotate together about the sample, and the

detector acquires an image of the vasculature at multiple projection angles to provide
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multiple images of the vasculature in the absence of a contrast agent. The apparatus
may include a processing means for applying the filter and performing the geometric

analysis.

[0042] In yet a further aspect of embodiments described herein there is provided a
method of scanning for vascular irregularities in a three-dimensional in vivo image in the
absence of contrast agent, the method including: applying a filter to the three-
dimensional in vivo image to provide probability data and scale data; and performing an
automated analysis on the probability data and/or the scale data to detect irregularities in
the vasculature. When used herein the term “scanning for vascular irregularities” is
intended to include searching, probing, examining, investigating, detecting, identifying
etc. vascular irregularities, and is intended, in a preferred embodiment, to assist a user,
such as a doctor, in quickly and accurately assessing whether a patient has vascular

irregularities.

[0043] The method may include applying a shape filter to the three-dimensional in
vivo image, preferably applying the shape filter at multiple scales, more preferably
applying a Hessian based multi-scale shape filter, and more preferably where the

Hessian multi-scale shape filter is applied as per Frangi 1998.

[0044] The step of performing automated analysis may include masking the scale
field from data obtained from the probability field. The step of performing the automated
geometric analysis may include comparing the scale at a first position to the scale at a
second position, preferably where the first position and the second position are located in
the same vessel branch, or in the same vessel generation. The automated geometric
analysis may include comparing the scale at three positions, four positions, five
positions, or six or more positions. The automated analysis may include fitting a function
(or spline or similar), such as a polynomial, to scale values (or vessel diameters) from
multiple points in a vessel branch. The coefficients of the fitted function, or other aspects
of the fitted function, could then be inspected in order to detect vasculature irregularities,
such as PE. A benefit of fitting a function to multiple scale values is that it may reduce
“noise” in the scale data. Another benefit of fitting a function to multiple scale values is
that it may provide an easier approach to determining and detecting a “signature” for

vasculature irregularities, such as PE.
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[0045] The method may include performing vessel segmentation on the probably field
to extract a vasculature tree from the three-dimensional in vivo image, preferably
mapping the scale field to the segmented vasculature tree to quantify the geometry of the

vasculature tree.

[0046] The method may include acquiring a three-dimensional in vivo image in the

absence of contrast agent.

[0047] In yet a further aspect of embodiments described herein there is provided a
method of scanning for vascular irregularities in a three-dimensional in vivo image in the
absence of contrast agent, the method including: applying a filter to the three-
dimensional in vivo image to provide a probability field and a scale field; performing
vessel segmentation on the probably field to extract a vasculature tree from the
probability field; mapping the scale field to the segmented vasculature tree to quantify the
geometry of the vasculature tree; and performing an automated geometric analysis on

the calculated geometry to detect irregularities in the vasculature.

[0048] The step of segmenting the vasculature may include performing a region
growing operation on the probability field, preferably the region growing operation is a
flood filling operation, preferably the region growing operation provides a binary 3D data
field.

[0049] The step of applying a filter to the three-dimensional in vivo image includes
applying a shape filter preferably, the shape used in the shape filter is a tube. The shape
filter may be a multi-scale shape filter. The shape filter may be a Hessian-based filter,

preferably applied as per Frangi 1998.

[0050] The step of performing the automated geometric analysis may include
comparing the scale at a first position in the vasculature tree to the scale at a second
position in the vasculature tree preferably, the first position and the second position are

located in the same vessel branch of the vasculature tree.

[0051] The step of performing the automated geometric analysis may include

calculating the change in scale along a length of a branch in the vasculature tree,
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preferably calculating the change in diameter along the entire length of an entire
generation of the branch, or calculating the change in diameter along the entire length of
the branch of the vasculature tree. The method may include performing automated
geometric analysis throughout the entire segmented vasculature tree (i.e. in each branch

of the segmented vasculature tree).

[0052] The method may include acquiring a three-dimensional in vivo image in the
absence of contrast agent. The step of acquiring a three-dimensional image may include
acquiring a series of two-dimensional in vivo images and reconstructing a three-
dimensional image from the two-dimensional images, preferably acquiring the two-
dimensional images using X-ray radiation, preferably reconstructing the three-

dimensional image using computed tomography.

[0053] The method may include scanning for an embolism, such as a pulmonary
embolism. The method may include scanning for a vascular irregularity in the lung
vasculature. The method may include acquiring a three-dimensional in vivo image of the
lungs. The detected irregularity may be indicative of pulmonary embolism. The method
may include analysing the geometry to classify segments of the vasculature as normal or
irregular. The method may include analysing the geometry to detect an occlusion or
partial occlusion. The method may include providing a visualisation of the vasculature
indicating areas of vessel irregularity, for example pulmonary embolism. The method

may include inverting the three-dimensional image before the filtering step.

[0054] In yet a further aspect of embodiments described herein there is provided a
method of scanning for vascular irregularities, the method including: acquiring a three-
dimensional in vivo image in the absence of contrast agent; applying a multi-scale shape
filter to the three-dimensional in vivo image to provide a probability field and a scale field,
the probability field representing the probability that a voxel in the three-dimensional in
vivo image is a part of a tubular structure and the scale field representing the filter size
that yields the greatest probability that the voxel belongs to a tubular structure; and
performing an automated analysis on the probability field and the scale field to detect

irregularities in the vasculature.
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[0055] The method may include performing vessel segmentation on the probably field
to extract a vasculature tree from the three-dimensional in vivo image, mapping the scale
field to the segmented vasculature tree to quantify the geometry of the vasculature tree;
and performing an automated geometric analysis on the calculated geometry to detect

irregularities in the vasculature.

[0056] In yet a further aspect of embodiments described herein there is provided a
method of scanning for a pulmonary embolism, the method including: acquiring a three-
dimensional in vivo image in the absence of contrast agent; applying a multi-scale shape
filter to the three-dimensional in vivo image to provide a probability field and a scale field;
performing vessel segmentation on the probably field to extract a vasculature tree;
mapping the scale field to the segmented vasculature tree to quantify the geometry of the
vasculature; and calculating the change in scale along a length of a branch in the

vasculature tree to detect irregularities in the vasculature.

[0057] In yet a further aspect of embodiments described herein there is provided a
method of scanning for a pulmonary embolism in the lung vasculature, the method
including: acquiring a series of two-dimensional in vivo chest X-ray images in the
absence of contrast agent; reconstructing a three-dimensional image from the two-
dimensional chest X-ray images; applying a Hessian-based multi-scale shape filter as
per Frangi 1998 to provide a probability field and a scale field; segmenting a vascular
tree from the probability field by performing a region growing operation on the probability
field; skeletonising the vasculature tree by extracting the centreline of each branch in the
vasculature tree; mapping the scale field to the skeletonised vasculature tree to provide
the scale of the vessel at each point in the skeletonised vasculature tree; and calculating
the change in scale along the centreline in a length of a branch in the vasculature tree to

detect a pulmonary embolism.

[0058] In yet a further aspect of embodiments described herein there is provided a
system for detect irregularities in the vasculature, the system comprising: an energy
source to pass energy through a sample comprising vasculature; an imaging system to
record two-dimensional in vivo images of the energy that passes through the sample in
the absence of contrast agent, the imaging system recording images at multiple

projection angles; a computed tomography system to reconstruct the two-dimensional
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images into a three-dimensional image; an analysing system to filter the three-
dimensional in vivo image to provide a probability field and a scale field, the analysing
system performing an automated analysis on the probability field and the scale field to

detect irregularities in the vasculature.

[0059] The analysing system may perform vessel segmentation on the probably field
to extract a vasculature tree from the probability field, maps the scale field to the
segmented vasculature tree to quantify the geometry of the vasculature tree, and
performs an automated geometric analysis on the calculated geometry to detect
irregularities in the vasculature. The analysing system may apply a Hessian based multi-
scale shape filter to provide the probability field and the scale field. The analysing

system may be located off site from the imaging system.

[0060] In yet a further aspect of embodiments described herein there is provided a
method of calculating a ventilation/perfusion measure from a three-dimensional in vivo
lung image in the absence of contrast agent and a time series of lung images, the
method including: applying a filter to the three-dimensional in vivo lung image to provide
a probability field and a scale field; performing vessel segmentation on the probably field
to extract a vasculature tree from the probability field; mapping the scale field to the
segmented vasculature tree to quantify the geometry of the vasculature tree; measuring
the motion of a portion of the lung from the time series of lung images; comparing the
motion of the potion of the lung to the scale of the vasculature in the region of the portion

of the lung to obtain a ventilation/perfusion measure.

[0061] The method may include measuring the displacement of the portion of the
lung. The method may include measuring the expansion of the portion of the lung. The
motion may be measured at multiple points in the portion of the lung, and the multiple
measurements can be averaged. The scale for the comparison may be measured at the
boundary of the portion of the lung. Alternatively, the scale for the comparison may be

measured at the centre of the portion of the lung.

[0062] The method may include measuring the motion of multiple potions of the lung,

and performing the comparison at each of the multiple portions. The
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ventilation/perfusion measure of a first portion can be compared to the

ventilation/perfusion of a second portion.

[0063] The method may include locating the portion of the lung at an endpoint of the
segmented vasculature. The method may include locating the portions of the lung at

equal scales in multiple branches.

[0064] Other aspects and preferred forms are disclosed in the specification and/or

defined in the appended claims, forming a part of the description of the invention.

[0065] In essence, embodiments of the present invention stem from the realization
that improved image processing techniques have the capability to extract and use image
data to overcome the need for contrast agents to distinguish between different types of
tissue. Furthermore, it has also been realised that the image data accessed by the
improved image processing can be used to identify irregularities in vessels. While
specific methods of processing data from images are disclosed in the prior art, the

specific combination of methods and method steps have not hitherto been used.

[0066] Advantages that may be provided by some embodiments the present invention

comprise the following:

o the method does not require the use of contrast agents, and thus avoids issues

related to contrast agents such as inducement of nephropathy,

o the method can be applied to existing (or historical) contrast-free imaging data,

o existing contrast-free patient images can be used in the method, thus avoiding the
need to subject the patient to further collection of images, avoiding further patient
radiation exposure, and avoiding the financial cost of additional image collection,

o new options for rapid clinical diagnosis,

o significant advancement in imaging technology,
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o improved detection of changes or irregularities in patients,
o improved method for imaging and quantifying vasculature, such as pulmonary

vasculature.

[0067] Further scope of applicability of embodiments of the present invention will
become apparent from the detailed description given hereinafter. However, it should be
understood that the detailed description and specific examples, while indicating preferred
embodiments of the invention, are given by way of illustration only, since various
changes and modifications within the spirit and scope of the disclosure herein will

become apparent to those skilled in the art from this detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0068] Further disclosure, objects, advantages and aspects of preferred and other
embodiments of the present application may be better understood by those skilled in the
relevant art by reference to the following description of embodiments taken in conjunction
with the accompanying drawings, which are given by way of illustration only, and thus

are not limitative of the disclosure herein.

FIG. 1 is a flow chart illustrating typical method steps of the prior art in which a
multi-scale filter is used on images without contrast, with the output being

manually inspected.

FIG. 2 depicts an embodiment of the invention that uses a multi-scale filter and

vascular segmentation on images without added contrast, as described herein.

FIG. 3 depicts another embodiment of the invention wherein a multi-scale filter is
used on images without added contrast, with both the probability filed and the
scale field of data output from the filter being used to directly detect possible

locations of PEs.

FIG. 4 illustrates an X-ray imaging setup used for small animal scanning in

association with the method of the present invention. In this schematic there is
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depicted a BALB/c mouse (1) intubated and mechanically ventilated by a
ventilator (6) and placed in a custom sample mount (2) on a rotating stage in
between the liquid metal-jet X-ray source (4) and structured CSi flat panel detector
(5). An expanded view of the X-ray source shows the jet nozzle (9) of a liquid
metal-jet anode (3) relative to the incoming electron beam (8) and X-ray beam
(11). The measurements calculated using the method of the present invention
may be validated by 2D angiography measurements, which requires iodinated
contrast agent to be injected using a micro-syringe pump (7) during a breath-hold

at peak inspiration (the iodine pump is included in this figure for this reason).

FIG. 5 illustrates a typical 2D projection image generated using laboratory X-ray

source

FIG. 6 illustrates a typical single slice from 3D volume reconstructed from 2D
images such as the one shown in Figure 5 (using a cone-beam reconstruction

technique).

FIG. 7 is an unprocessed X-ray projection image of iodinated contrast agent in the
lung vasculature (angiography trace with an iodine bolus administration), which
has been used to validate the contrast-free vessel quantification method

according to the present invention.

FIG. 8 is a filtered version of FIG. 7. Background correction and a moving

average is used to enhance the contrast intensity in the image.

FIG. 9 is a plot of line profiles of two vessels shown in FIG. 8 (indicated as ‘a’ and
‘b’ in FIG. 8). The plot shows the change in pixel intensity across the line profile.
Symbols represent mean intensity and error bars represent s.e.m. of 10 line

profiles obtained along the vessel within the limits of the black boxes (‘a’ and ‘b’).

FIG. 10 illustrates the ‘vesselness’ (or probability field), as calculated from the

multi-scale shape filter according to the method of the invention.
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FIG. 11 illustrates the vesselness coloured by the scale value at the centreline of

each point in each branch.

FIG. 12 is a plot, for validation, of vessel calibre measurements of the present
invention from a contrast-free CT volume (vertical axis) against vessel calibre
measurements using electronic calipers (i.e. software to measure the size of a
feature in an image) from 2D angiography images (horizontal axis). The straight
line represents the position in the plot where the measurements of the present

invention equal the angiography measurements.

FIG.13 is a flow chart illustrating the method steps used in the embodiment of the

invention as described in the experiment described in the following paragraphs.

FIG. 14 is an isometric view of the segmented vasculature with regional motion

information overlayed at three slice positions.

DETAILED DESCRIPTION

[0069] The method of the present invention provides a means for obtaining vessel
calibre measures from contrast free computed tomography (CT) images. The laboratory
based imaging system discussed herein yielded images with sufficient resolution to
resolve smaller blood vessels in vivo. The imaging system and method of the present
invention presents an alternative angiography technique for small animal studies, and
human scanning, without the need for contrast agents, and theoretically could allow
repeat imaging in the same animals over time as disease processes progress or in

response to treatments.

[0070] FIGS. 1 to 3 are flow charts illustrating method steps for prior art (FIG. 1), and
method steps for embodiments of the invention (FIG. 2 and FIG. 3). FIG. 1 illustrates
typical method steps of the prior art in which a multi-scale filter is applied to images
without contrast agent in order to segment the vasculature for manual visual inspection
by a user. By contrast, FIG. 2 depicts an embodiment of the present invention, as
described herein, which uses a multi-scale shape filter on images without contrast agent,

and performing an automated analysis on the probability data (such as a probability
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field), and scale data (such as a scale field) extracted from the multi-scale filter data, to
detect irregularities in the vasculature, such as pulmonary embolisms. As shown in
Figure 2, this is achieved by determining the scale value at the centerline of the
vasculature. FIG. 3 depicts a preferred embodiment of the method of the present
invention wherein a multi-scale shape filter is used on images without contrast agent,
with the probability data, shown as a probability field, and scale data, shown as a scale
field, output from the filter being used to directly detect possible locations of irregularities

in the vasculature, such as pulmonary embolisms.

[0071] The embodiments depicted may include, for example, the following steps:

- providing one or more images of lung vasculature comprising one or more
vessels, the image(s) having been captured in vivo in the absence of
contrast agent. The image(s) are typically 3D and may be derived directly
from a patient scan for the purpose of rapid PE diagnosis, or could for
example, use historical or archived images as in the case of investigative

research.

- applying a filter to said images to create a probability field for the lung
vasculature. Typically the filter is a shape-based multi-scale filter such as a
Hessian-based multi-scale shape filter. This step may optionally be
followed by carrying out flood-fill selection of the probability field for the
lung vasculature to yield a binary image. This image may optionally be
subjected to carrying out binary segmentations of the binary image. Vessel
centrelines can then be extracted from the binary segmentation. At the
centre of a vessel, the scale that gives the maximum probability of a vessel
is extracted. This scale corresponds to the size of the vessel. The filter,
such as a Hessian-based multiscale shape filter, provides a measure of the
probability that a vessel of a given size exists at each image voxel.
Accordingly, the method of the present invention may include utilising the
vessel centrelines and extracting the size at which the greatest vesselness

probability value exists at each centreline point.
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- analysing the probability field to detect irregularities in the one or more
vessels. In the case of the present invention, the vessel irregularity is
detected based on the changes in vessel diameter of one or more vessels

in the pulmonary vasculature.

[0072] The method of the present invention has been applied to images obtained by
micro-computed tomography (UCT) in live mice (n=5) under mechanical ventilation. FIG.
4 depicts an appropriate set up for imaging of this type. The method was used to
quantify pulmonary vasculature calibre without the need for external contrast agents. To
validate this approach the measurements were compared to contrast microangiography

in the same mice.

[0073] The experimental data illustrates a benefit of the method of the present
invention. Specifically, with reference to mice, the method has enabled volumetric
measurements of the entire pulmonary vasculature in mice in 3-dimensions, and without
the use of contrast agents or euthanasia. As such, due to the removal of contrast agent,
this technique could be used for repeated imaging of animals to study changes to
vasculature without the risk of premature death, which is a known problem in sensitive
mouse models of disease. Furthermore, it illustrates that the method can be of value in

the clinical setting for both animals and humans.

[0074] The following paragraphs describe experimental procedures and tools using a
Hessian-based enhancement filter to obtain quantitative vessel calibre measures from

MCT images without contrast agent.

(i) Experimental procedure

[0075] Eight-week old BALB/c female mice (n=5) were anesthetized with
intraperitoneal injections of a mix of ketamine and xylazine (150 mg/kg and 10 mg/kg
respectively). Mice were orotracheally intubated and allowed to continue breathing
spontaneously while a customized 24-gauge BD Angiocath catheter was inserted into the
jugular vein and advanced into the superior vena cava for administering contrast agent
(Isovue 370, Bracco Diagnostics) during validation (as discussed below). The mouse

was securely restrained in a custom-built acrylic chassis in a supine position during the
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surgical procedure. Mice were then ventilated using pressure control ventilation on a
custom small animal ventilator (shown in FIG. 4) with an inspiratory pressure of 20
cm.H20, zero positive end-expiratory pressure, and inspiratory and expiratory times of
300 ms each (a respiratory rate of 100 breaths/min). Tidal volumes with these settings
were approximately 400 pl for a 20 g mouse, or 20 ul /g (20 ml/kg). Mice were given a
subcutaneous bolus of 100 pl saline twice and ventilated for 10 minutes prior to imaging
to allow equilibration and lung recruitment. Mice were kept warm using pocket warmers

wrapped around the lower abdomen and legs.

(i) Imaging Protocol

[0076] Imaging was conducted in the Laboratory for Dynamic Imaging at Monash
University (Melbourne, Australia). The X-ray imaging setup consists of a high brightness
X-ray source (Excillum AB) that uses an X-ray beam generated from liquid metal jet X-
ray technology (70 kV, 265W) with a 15 pym spot size. A high speed CMOS flat-panel
detector was used to capture images at a frame rate of 30 Hz (exposure of 15 ms). The
mouse was positioned in the acrylic chassis in front of the X-ray beam in the upright
position. A high precision rotary stage (Zaber Technologies) was used to rotate the mice
400 degrees under mechanical ventilation for the CT scan. The imaging was
synchronised with the mechanical ventilation trace, and pCT of breathing mice was
performed to obtain 4D data of the lungs at 15 different time points in the respiratory
cycle. Each time-point in the 4DCT scan consists of 800 2D projection images. A
calibration scan of an acrylic cylinder with fiducials was performed before and after
mouse scans. This process captures the tilt angle and centre of rotation of the scan
necessary for accurate CT reconstruction results. The source-to-isocentre of the rotation
stage and source-to-detector distances were 325 mm and 3325 mm respectively. The

effective isotropic voxel size of the imaging system was 19.4um.

(iii) 3-dimensional CT image reconstruction and analysis

[0077] As the image acquisition was synchronized with mechanical ventilation, the
point in the respiratory cycle for each image was known and the data was binned against
the mechanical ventilation trace. In other words, images that were acquired at the same

point in the breathing cycle, over multiple breaths, were placed into a bin of similar
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images. The 2D projection images in each bin for a given phase in the respiratory cycle
were reconstructed using a cone-beam reconstruction technique to obtain 3D volumes,

or images, at different points in the respiratory cycle.

[0078] A vesselness image filter based on Frangi et al. (Frangi et al, Medical Image
Computing and Computer-Assisted Interventation — MICCAI'98 (eds. Wells, W. M.,
Colchester, A. & Delp, S.) 130-137 (Springer, 1998) accessible at
http://link.springer.com/chapter/10.1007/BFb0056195) was applied to the CT volume at

peak inspiration (when the contrast ratio between the lung vasculature and the lungs
themselves is the greatest). Using a Gaussian kernel over multiple scales (discrete
cosine transform, also referred to as the DCT), the Hessian image (local image
gradients) was calculated. The local image gradients were matched to an ellipsoid to
discriminate between plane-like structures and tubular structures. This filter produced a
volume for the vesselness parameter (the probability field), a measure relating to the
likelihood that any given pixel belongs to a tubular structure. The measures for
vesselness were computed for each kernel scale (ranging between 4 and 20 voxels,
which correspond to a range of 77.6-582 um). By taking the scale that results in the

highest value for vesselness, for each voxel, a scale field (or image) is created.

[0079] A flood-fill segmentation using Avizo (FEI VSG, France) was used to segment
the pulmonary vasculature from the computed vesselness image at multiple scales. Up
to 16 generations of branches within the vasculature tree were visible in the segmented
vasculature. A skeletonization procedure (Sato, M. et al, TEASAR: tree-structure
extraction algorithm for accurate and robust skeletons, 8th Pacific Conference on
Computer Graphics and Applications, 2000. Proceedings 281-449 (2000).
doi:10.1109/PCCGA.2000.883951) was used to compute the centerline in each branch
of the segmented pulmonary vasculature. Values from the scale field are then mapped
to the centreline of the pulmonary vasculature. In other words, the position of each voxel
in the centreline data is noted, and the corresponding scale value at that voxel is
extracted from the scale image and associated with the point in the centreline. FIG. 11
shows a composite image after incorporating the Gaussian scale and the segmented

pulmonary vasculature by colouring each vessel with the centreline scale value.
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(v) Validation of the embodiment of the invention

[0080] To validate the proposed method, 2D microangiography using contrast agent
was performed (FIGS. 7 to 9) on the same mice from three different views. The images
are pre-processed using a digital subtraction and averaging scheme to enhance the
intensity of the pulmonary arteries. FIGS. 7 and 8 show images obtained from

microangiography before and after processing, respectively.

[0081] FIG. 7 is an image taken ~0.6s after contrast administration. Both CT (the
method of the invention) and 2D angiography (the validation method) were conducted in
seven BALB/c mice, but the angiography procedure failed in two of the mice, and
therefore only five mice had both procedures. Failure to correctly place the catheter tip
at the superior vena cava is one disadvantage of the microangiography approach, which

is eliminated with the new method according to the present invention.

[0082] For 2D angiography imaging, iodinated contrast agent was injected via the
jugular vein cannula with a microinjection pump that was programmed to deliver a bolus
administration of 0.12 ml of iodine contrast agent at a speed of 10 ml/min. Image
acquisition was initiated 1 s before iodine injection, and 200 frames were recorded for
each scan. The lung vessels were imaged when ventilation was interrupted for a 5 s
breath hold at peak inspiration to eliminate any blurring from lung movement. Mice were
given at least 5 min to recover from each injection of contrast agent. Angiography was
performed three times for each mouse: right anterior oblique, left anterior oblique, and

frontal views (without rotation during imaging), in increments of 45 degrees.

[0083] The sequence of angiography images was analysed using both custom in-
house software and tools from FIJI (Schindelin, J. et al. Fiji: an open-source platform for
biological-image analysis. Nat. Methods 9, 676-682 (2012)). A background correction
using the averaged image of the entire sequence was performed to enhance the intensity
of the iodinated vessels within the image. To stabilize the changes to pixel intensities
from changes in relative iodine levels within the vessels, a temporal moving average filter

(five images either side) was applied to the background corrected image sequence.
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[0084] With angiography, contrast medium was only highly visible in the arteries
following a bolus injection. As a result, only pulmonary artery calibre measures are
validated in this study. A total of 490 pulmonary arterial diameter measurements were

obtained for five mice.

[0085] With 2D angiography images, electronic calipers were used to obtain 10 line
profiles (FIGS. 7 & 8) around the vessel of interest. A frame from the processed image
sequence (FIG. 8) in which the vessels were most intensely filled with contrast agent was
chosen for 2D angiography measurements. The edge of the vessel was determined to
have the steepest change in pixel intensity. Table 1 shows results from a linear
regression on individual mouse data sets. Mouse 2 in the study had irregular contrast

distribution resulting in only 15 measures for arterial diameter using microangiography.

[0086] For comparative purposes, the kernel scale (DCT) which resulted in the
maximum value for vesselness was mapped in to the 3D volume using the points on the
skeleton. This 3D volume was forward projected to create a composite image (FIG. 11)
of the segmented vasculature tree coloured by DCT. For clarity, the diameter of the
vessel shown in the figure was the centreline tree thickness from the skeletonisation
algorithm. The volume was projected in increments of 45 degrees to match the right
anterior oblique, left anterior oblique and frontal views obtained with 2D angiography. A
probing tool is used to measure values for DCT from the composite image at regions of

interest that correspond to line measures from 2D angiography.

[0087] The points and error bars on the line plots in Fig. 9 represent mean + SEM.
Linear regression was used to determine the relationship between DCT and DAng for
individual mice. Table 1 summarizes the regression data for the mice imaged in this
study. FIG. 12 shows measurements obtained for all mice in the study after correction

using linear regression.

[0088] The proposed method yielded a satisfactory vasculature tree highlighting its
benefit over measures using contrast agents. Validations show that there is a good
correlation between the vessel calibre measurements from 2D angiography and the

contrast-free CT method (R2=0.85) of the present invention.
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[0089] TABLE 1
Mouse # DCT (px) R? n
1(22) 0.41DAng + 4.51 087 65
2 (23) 0.49DAng + 3.51 0.81 15
3 (24) 0.47DAng + 3.63 075 60
4 (34) 0.31DAng + 2.90 0.77 206
5 (37) 0.42DAng + 2.32 0.83 48

[0090] FIG. 13 is a flow chart illustrating the method steps used in the embodiment of

the invention as described above.

[0091] Although the present invention has been demonstrated with reference to
improved analysis of pulmonary perfusion patterns in murine models of lung disease, itis
readily apparent that the method of the present invention has clinical applications for
both human and animal patients. Specifically, the method provides a non-contrast
approach to generate high fidelity, 3D quantification of the pulmonary vasculature that
enables the detection of abnormalities in pulmonary vasculature, such as the

abnormalities that correlate with PE.

[0092] For example, a human scanner, such as a Cone Beam CT (CBCT) scanner,
could be used to acquire a series of 2D chest X-ray images, at multiple viewing angles,
as a patient freely breathes. The images are acquired without the addition of contrast
agent fo the patient’s blood stream, thereby avoiding known adverse side effects from
the administration of contrast agent, such as contrast medium induced nephropathy
(CIN). From the time series of X-ray images a CT reconstruction is performed on only the
2D images that were acquired at peak inspiration (when the signal to noise ratio between
the lung vasculature and the lungs themselves is the greatest), thereby forming a single
CT of the lungs at peak inspiration (when the lungs are stationary or nearly stationary).
Alternatively, the CT may be performed as a “breath hold”, in which the patient holds
their breath during the scan, preferably at peak inspiration, so that the images don’t need

to be selected from the CT scan. Furthermore, in order to provide greater CT resolution,
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the breath hold CT scan may be “gated” to the cardiac cycle, in order to remove the
movement of the heart, which has a physical impact on the lungs, from the images, and

therefore from the CT scan on which the filtering is performed.

[0093] The CT reconstruction technique that is used can be any known standard CT
reconstruction, such as cone beam computed tomography (CBCT). The reconstruction
creates a series of 2D planar slices, which can be combined to form a 3D image 10 of
the lungs and lung vasculature. Alternatively, modern CT scanners, such as helical or
spiral CT scanners, may directly output a 3D image 10, which can also be used for

analysis.

[0094] Once the 3D image 10 has been reconstructed (or directly provided from a CT
machine) image filtering can be performed to extract the data of interest from the images.
In particular, a shape-based filter is performed on the 3D image. The shape based filter
is applied to every voxel in the 3D image in order to determine the probability that the
voxel in the image, at a given scale, is part of the specified shape. This produces a
probability field (also known as a probability image) of the scale. The shape based filter
can be applied at multiple scales (i.e. a multi-scale shape filter 12), thereby creating
multiple probability fields, one for each scale. This creates probability data and scale
data that can be interrogated to scan for vasculature irregularities. An overall probability
field (or image) 14 can be formed by combining the multiple single scale probability
fields. This is conducted by comparing the probability of the first voxel in each of the
probability fields and selecting the highest probability, comparing the probability of the
second voxel in each of the probability fields and selecting the highest probability, and so

on for all voxels.

[0095] The scale at which the highest probability occurs is also recorded for each
voxel, thereby creating a corresponding overall scale field 16 (or image). The terms field
and image are used here somewhat interchangeably when referring to the probability
and scale fields, as the data in the probability and scale fields can be displayed visually,
as an image. Essentially the probability field represents the probability that a voxel in the
three-dimensional in vivo image is a part of the shape of interest, and the scale field
represents the filter size that yields the greatest probability that the voxel belongs to the

shape of interest.
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[0096] The multi-scale shape filter 12, preferably based on Frangi et al. (as specified
above), can be used to detect shapes such as plate-like structures, tubular structures,
blob structures, etc. For example, when investigating the vasculature of the lungs the
shape based filter will interrogate the 3D image 10 for tubular shapes or structures. In
addition, because the vessels in the lung are not of a single diameter, the shape-based

filter is run at multiple scales, in order to capture tubular structures at multiple diameters.

[0097] The overall probability field 14 and scale field 16 are then created as described
in the previous paragraph. In other words, the probability field 14 will represent the
probability that a voxel in the three-dimensional in vivo image is a part of a tubular
structure (also known as vesselness), and the scale field 16 will represent the most likely
diameter tube that each voxel is part of. In order to simplify implementation of the multi-
scale shape filter 12 the image may be inverted before the filter is applied to the 3D
image (as shown in FIG. 2). Alternatively, the filter may be designed to effectively invert
the image in the application of the filter (i.e. the inversion may be carried out as part of

the filtering process).

[0098] Regarding performing the filter at multiple scales, the shape-based filter can be
performed using 2 to 100 scales, 5 to 50 scales, 10 to 40 scales, 10 to 20 scales, 15 to
20 scales, or preferably 18 scales, in order to adequately define the vasculature of the
lung. The scales may correspond to vessel sizes of 0.2mm to 30mm, 0.2mm to 10 mm,
0.5mm to 30mm, 0.5mm to 20mm, 0.5mm to 5 mm, 1mm to 20mm, 1mm to 10mm, or
1mm to 2mm. The scales may be equally divided in the vessel size range, or they may
be distributed to capture known common diameters of blood vessels. In addition, the
number of scales used to calculate the probability field may be different from the number
of scales used to calculate the scale field. For example, 30 scales may be used to
calculate the probability field and then 3000 scales may be used to calculate the scale
field. In other words, the scale field may be calculated using a higher number of scales to
produce a higher resolution scale field. In other words, the multi-scale shape filter may
be applied in two stages, a first coarse scale (e.g. 18 scales) to produce the probability

field, and a second fine scale (e.g. 180 scales) to produce the scale field.

[0099] Referring to the method shown in FIG. 2, once the overall probability image 14

has been constructed the vasculature tree can be segmented 20 from the 3D image 10.
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This is achieved by performing a region growing operation on the probability field to
provide a binary image (or data field) of the lung vasculature. Both the arteries and the
veins can be extracted by using this technique, and depending on the vascular
irregularities of interest a user may choose to only extract either the arteries or the veins.
For example, emboli generally become stuck in veins, except for in the lungs, where they

only become stuck in the arteries.

[0100] The region growing operation is a flood fill or form filling operation. This step is
performed by choosing a recognisable portion of the lung vasculature in the probability
image 14, with the form filling operation connecting the branches in the vasculature tree.
As an example, the region growing operation can be a flood-fill segmentation using Avizo
(FEI VSG, France). This process results in a binary image that has a single flood-filled
section, thereby segmenting the vasculature from the original 3D CT reconstruction. In
this way the probability field is both binarised and segmented in a single step. It will be

understood that this could be carried out in two separate steps, if desired.

[0101]  Once the vasculature has been segmented a skeletonisation procedure 26 is
used to determine the centreline in each branch of the segmented vasculature. For
example, the skeletonisation procedure may be the same technique used in Sato, M. et
al, TEASAR: tree-structure extraction algorithm for accurate and robust skeletons, 8th
Pacific Conference on Computer Graphics and Applications, 2000. Proceedings 281-
449 (2000). doi:10.1109/PCCGA.2000.883951. This provides a skeletonised vascular

tree (also referred to as a centreline tree).

[0102] Once the skeletonised vasculature tree 26 has been extracted from the
probability field the scale field 16 is mapped 28 onto the skeletonised vasculature tree
26, thereby quantifying the geometry of the vascular tree. In other words, everywhere
along the skeletonised vasculature tree 26 the corresponding scale value is extracted
from the overall scale field 16, thereby providing a single combined 3D data set 29 (or
image) with geometrical information including positional information (from the
skeletonised vasculature tree 26 which was extracted from the probability field 14) and
relative size information (from the scale field 16). Another way of conceptualising this
step is that the skeletonised vasculature tree 26 is used as a mask on the overall scale

field 16, in order to extract information on the diameter of the vessel from the scale field
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16 only at the points present in the skeletonised vasculature tree 26. The scale relates
to a measure of the diameter, or calibre, of the vessel, in voxels. In this way the
diameter of the vessels is measured from the scale value, rather than measuring the
diameter in the segmented vasculature (which is also possible). If the voxel size is
known then the scale can be converted into a measurement in millimetres (or any other
desired length unit). Calibration of the system can be performed by scanning tubes of

known diameters in order to determine the voxel size.

[0103] Once the scale field 16 has been mapped 28 to the skeletonised vasculature
tree 26 an automated analysis 30 is performed on the combined data set 29 to detect
irregularities in the vasculature. This may include, for example, scanning for an
embolism, such as a pulmonary embolism, or scanning for a vascular irregularity in the
lung vasculature (e.g. where the detected irregularity is indicative of pulmonary
embolism). This analysis is performed automatically, for example by a computer, and
does not need a user to identify the location of the irregularity. In order to detect
irregularities, such as PE, the automated analysis 30 includes comparing the scale at a
first position in the vasculature tree to the scale at a second position in the vasculature
tree. Preferably the first and second positions are located in the same vessel branch of
the vasculature tree, and more preferably the first and second positions are adjacent to

each other.

[0104] It will be understood that the diameter of a healthy vessel in the vasculature
tree will inherently change diameter as the vasculature tree branches out. The
automated analysis 30 therefore compares the change in diameter and searches for
unexpected changes in the vasculature (i.e. unexpected for a healthy vasculature tree),
or for known patterns of vessel ill health. The automated analysis may include
comparing the scale at three (or more) consecutive points in a single branch in order to
determine a trend of the change in scale (or diameter). For example, the automated
analysis could include calculating the rate of change along a vessel, calculating the
direction of change along a vessel, searching for a decrease followed by an increase, or

searching for an increase followed by a decrease.

[0105] It is envisaged that the automated analysis can include calculating the change

in scale along a length of a branch in the vasculature tree, preferably along the entire
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length of the branch of the vasculature tree, and more preferably throughout the entire
segmented vasculature tree. The analysis may also include classifying segments of the
vasculature as either normal or irregular. The analysis may also include analysing the
geometry to detect an occlusion, or partial occlusion, of a vessel. One approach to
conduct these classifications is through application of a fitting function or spline or similar
to the diameter data, and to search for features in the data fit rather than in the raw data
itself. This may be particularly useful when looking for changes in the diameter. (As per
Fouras, A., & Soria, J. (1998) Accuracy of out-of-plane vorticity measurements derived

from in-plane velocity field data, Experiments in Fluids, 25, 409-430.).

[0106] Once the automated analysis 30 has been completed the results may be
displayed to a user (e.g. a doctor). The results can be displayed as a visualisation on a
computer screen (e.g. 2D or 3D visualisation), or as a report (e.g. a hard or soft copy
report). It is envisaged that the results may be displayed as an overlay on the original
three-dimensional image 10 of the vasculature. For example, areas in which vessel
irregularity have been identified may be highlighted to bring these areas to the attention
of the doctor, thereby enhancing the doctor’'s ability to quickly and accurately detect
vasculature problems, such as pulmonary embolism. Alternatively, the results may be
displayed as a colour coded image of the segmented vasculature, with the colour coding
representing the scale (or diameter) of the vasculature. It is envisaged that many other
variables could also be used to display the results of the automated analysis 30, such as
change in diameter, etc. In other words, the method may include providing a
visualisation of the vasculature indicating areas of vessel irregularity (e.g. where the

irregularity is pulmonary embolism).

[0107] Referring to the method shown in FIG. 3, FIG. 3 shows a method of scanning
for vascular irregularities in a three-dimensional in vivo image 10 in the absence of
contrast agent, the method including: applying a filter 112 to the three-dimensional in
vivo image 10 to provide probability data (shown as a probability field 114) and scale
data (shown as a scale field 116); and performing an automated analysis 130 on the

probability field and/or the scale field to detect irregularities in the vasculature.

[0108] It will be understood that once the probability 114 and scale 116 fields have

been created from the multi-scale shape-based filter 112 there are multiple ways for
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combining the data to probe for vessel anomalies, such as PE. For example, instead of
segmenting and skeletonising the vasculature tree (as shown in Figure 2), the probability
filed 114 and the scale field 116 can be directly, or more directly, interrogated and
combined to detect vessel irregularities or anomalies (as shown in Figure 3). For
example, it is possible to directly search for a “signature” scale pattern (e.g. that is
representative of PE) in the scale field 116. The “signature” scale pattern could be
determined by performing the method shown described above in relation to FIG. 2 for a
number of initial patients, and identifying the pattern that is representative of PE. Once
the signature has been identified it can be used to directly search the scale field 116 for

that signature pattern.

[0109] Alternatively, instead of segmenting the vasculature tree, the probability field
114 could be used to mask the scale field 116. This can be achieved by applying a
thresholding step to the probability field 114 (to extract the approximate position of the
vasculature), and then using the thresholded probability field to mask the scale field 116.
This essentially creates a scale field 116 with scale data only in locations where the
thresholding step approximates the vasculature tree to be located. From such a masked
scale field the vessels would appear as a “bowl-type” shape (an artefact of the filter),
which can then be used to determine vessel location and size, on which the automated

geometric analysis 30 can be performed.

[0110] An advantage of not including the step of segmenting the vasculature is that
the computational time is decreased. It also removes the flood filling step, which may
require a user to manually identify a portion of the vasculature tree. As a result, the
method of detecting irregularities without segmenting the vasculature may provide a fast

and user-free analysis of the three-dimensional image.

[0111]  Referring now to the apparatus that would be used to acquire images of a
human, it is envisaged that a similar set-up as shown in FIG. 4 could be used for a
human scanner, in which the patient is rotated on a rotational stage. Alternatively, the
apparatus could instead rotate the X-ray source and X-ray detector around the patient,
who would remain stationary, as is done in standard CT imaging. In order to reduce the

radiation dose during acquisition of the CT images a gating technique may be used so
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that images are only acquired, and X-ray radiation is only delivered, during peak

inspiration.

[0112] It is envisaged that the three-dimensional in vivo image may be acquired by
one user, such as a hospital technician, and analysed (i.e. the steps of applying the filter
and performing the analysis) by another user, such as an analysis company. In other
words, the method for the first user is to acquire a three-dimensional in vivo image 10 in
the absence of contrast agent (which may be a simple standard CT, such as a helical or
spiral CT), and the method for the second user is to apply a filter 12, 112 to the three-
dimensional in vivo image 10 to provide a probability field 14, 114 and a scale field 16,
116, and to perform an automated analysis 30, 130 on data from the probability field 14,
114 and the scale field 16, 116 to detect irregularities in the vasculature. It is therefore
envisaged that the analysing system (i.e. hardware, software, etc.) may be located off
site from the imaging system (e.g. CT scanner), and that the method may include
acquiring the three-dimensional image 10 at a first location and sending the three-
dimensional image 10 to a second location (e.g. an off-site location) for analysis 12, 30,
112, 130.

[0113] Referring now to FIG. 14, it is envisaged that the detailed geometric
information from the method described herein could be combined with local (or regional)
motion measurements in order to calculate a surrogate of the ventilation/perfusion (V/Q)
ratio (hereafter simply referred to as V/Q or ventilation perfusion). In particular, the
motion of a portion 110 of the lung can be compared to the scale of the vasculature in

the region of the portion 110 of the lung to obtain a ventilation/perfusion measure.

[0114] FIG. 14 shows the segmented vasculature 100 with motion information
overlayed at three slice positions 102, 104, 106 (e.g. in multiple portions of the lung).
The vessel calibre information can be used as an estimate of the blood flow to a
particular region (indicative of perfusion), and can be combined with local motion
measurements (indicative of ventilation). Such measurements would require both a
three-dimensional in vivo lung image (for vasculature tree information) and a time series
of lung images (for motion measurements). The three-dimensional in vivo lung image
can be acquired as described above (e.g. a CT scan). The series of lung images could

be only two images (from which lung motion at that point in the respiration cycle can be
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determined), or the series of lung images could include a complete respiration cycle,
thereby allowing the lung motion of the entire respiration cycle to be measured. Again,
as previously described, the imaging for the vasculature measurements could be gated

to breathing, the cardiac cycle, or both.

[0115] The motion of a portion 110 of the lung can be calculated by any suitable
technique however, it is preferably measured using Computer Tomographic X-ray
Velocimetry (CTXV), as described in US Patent No. 9,036,887 B2, titled “Particle image
velocimetry suitable for X-ray projection imaging”, the entirety of which is incorporated
herein by reference. CTXV uses X-ray images taken from multiple projection angles in

order to measure regional three-dimensional motion of the object, in this case the lungs.

[0116] The motion tracking in CTXV is based on a well-known technique called
particle image velocimetry (PIV), in which the displacement of a region is calculated by
selecting a region in the first image of a time series and statistically correlating the
selected region to the second image in the time series. The motion measurements can
therefore be 2D or 3D measurements of displacement, velocity, expansion (or
ventilation), or any other suitable motion measurement. The flow in the airways can also

be calculated from the motion measurements.

[0117] CTXV is generally performed for multiple regions in the image, thereby
providing regional motion measurements throughout the image. Referring specifically to
lung imaging, CTXV provides multiple regional motion measurements of portions of the
lung, providing local lung movement and expansion measurements. CTXV can be
performed at high spatial resolution, meaning that there may be multiple motion
measurements in the portion of the lung selected for comparison. If this is the case the
multiple motion measurements can be added (summed) or averaged. It is also
envisaged that the ventilation/perfusion will be assessed at multiple portions of the lung

(i.e. there will be multiple lung portions).

[0118] Before the ventilation can be compared to the perfusion the data from the two
scans are associated with each other (e.g. to compensate for different resolution scans).

The two data sets are also rotationally aligned.
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[0119] In order to compare the motion with the scale (i.e. the “perfusion” with the
“ventilation”), the scale of the segmented vasculature is measured in a region in or
around the portion 110 of the lung. For example, the scale of the vessel can be
measured at the perimeter, or boundary, of the portion 110, or it can be measured at the
centre of the portion 110. Preferably each portion 110 will only have a single branch
associated with the portion (i.e. a portion will not have two branches extending into it).
This may involve locating the portions of the lung at the endpoints of branches in the
segmented vasculature. Alternatively, the portions of the lung may be located at a
desired scale value (i.e. vessel diameter), with all portions being positioned at the same

scale value.

[0120] By comparing the motion, or a parameter derived from the motion (specifically
the expansion), and the scale in multiple portions (e.g. portions 120, 122, 124 shown in
FIG. 14) of the lung a ventilation/perfusion measure is obtained throughout the lung,
allowing for a regional comparison of ventilation/perfusion. This method therefore allows
for the detection of heterogeneous ventilation/perfusion, a well known sign of ill lung
health, such as pulmonary embolism (i.e. at a PE site ventilation is normal and perfusion

is reduced, and thus the ventilation/perfusion ratio is high).

[0121] One method for evaluating the V/Q is a feeder based, tree based or anatomy
based method. Regions in the lung are fed air and blood by paired airway and artery (a
vein is also present). As such, the entire region of lung distal to a point in an artery or
airway (i.e. the portion of interest) is largely fed from that point. By selecting a measure
of ventilation and perfusion associated with the airway and artery at that location an
excellent measure of V/Q is obtained for the entire region distal to that location. The
vessel calibre at that location is an excellent surrogate for perfusion, and the motion
measurements described above allow for measurement of the flow in an airway at the

same location.

[0122]  Alternatively, another method for evaluating the V/Q is a region based method.
For any region of the lung (even a region that is not tree based or anatomically based —
e.g. a cube of tissue such as shown in FIG. 14) statistical approaches can be taken as
surrogates of ventilation and perfusion. There are several ways to provide a measure of

the perfusion in a selected region. For example, the modal or mean diameter in the
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region could be calculated, the length or volume weighted volume of modal or mean
diameter in the region could be calculated, or the combined volume of the vessel(s) in
the region could be calculated. There are also several ways to provide a measure of the
ventilation. For example, the total expansion summed over every voxel in the region

could be calculated, or modal or mean expansion in the region could be determined.

[0123] While the method of scanning for vascular irregularities in a three-dimensional
in vivo image in the absence of contrast agent has been discussed largely in relation to
detecting irregularities in the lungs, it is envisaged that the method could be applied to
vessels in other parts of the body. For example, the method could be applied to other

organs in the body, such as the brain, heart, liver and kidneys.

[0124] While the invention was described above as allowing the patient to breathe
freely during imaging, it is envisaged that the patient could instead be imaged during a
breath hold. The breath hold could be controlled by the patient simply holding their
breath during imaging, or could be controlled by a ventilation system. In addition, while
the invention was described above as acquiring images throughout the full breathing
cycle, and then only using the images that were taken at peak inspiration, it is envisaged
that the imaging could be gated to peak inspiration (i.e. so that images are only acquired
at peak inspiration), or any other point in the breathing cycle, as desired, in order to only
acquire images at a single point in the breathing cycle, thereby reducing the dose of

radiation delivered to the patient.

[0125]  While the invention has been described above as utilising images acquired in
the absence of contrast agent (which provides health benefits to the patient), it is

envisaged that the technique could also be applied to images using contrast agent.

[0126]  While the invention has been described above as utilising at least one image,
2D images and/or 3D image(s), it is to be noted that the invention may be used in
conjunction with any one or any combination of multiple 2D images and/or at least one

3D image.

[0127] While this invention has been described in connection with specific

embodiments thereof, it will be understood that it is capable of further modification(s).
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This application is intended to cover any variations uses or adaptations of the invention
following in general, the principles of the invention and including such departures from
the present disclosure as come within known or customary practice within the art to
which the invention pertains and as may be applied to the essential features

hereinbefore set forth.

[0128] As the present invention may be embodied in several forms without departing
from the spirit of the essential characteristics of the invention, it should be understood
that the above described embodiments are not to limit the present invention unless
otherwise specified, but rather should be construed broadly within the spirit and scope of
the invention as defined in the appended claims. The described embodiments are to be

considered in all respects as illustrative only and not restrictive.

[0129] Various modifications and equivalent arrangements are intended to be
included within the spirit and scope of the invention and appended claims. Therefore,
the specific embodiments are to be understood to be illustrative of the many ways in
which the principles of the present invention may be practiced. In the following claims,
means-plus-function clauses are intended to cover structures as performing the defined

function and not only structural equivalents, but also equivalent structures.

v} [{3
7

[0130] It should be noted that where the terms “server”, “secure server” or similar
terms are used herein, a communication device is described that may be used in a
communication system, unless the context otherwise requires, and should not be
construed to limit the present invention to any particular communication device type.
Thus, a communication device may include, without limitation, a bridge, router, bridge-
router (router), switch, node, or other communication device, which may or may not be

secure.

[0131] It should also be noted that where a flowchart is used herein to demonstrate
various aspects of the invention, it should not be construed to limit the present invention
to any particular logic flow or logic implementation. The described logic may be
partitioned into different logic blocks (e.g., programs, modules, functions, or subroutines)
without changing the overall results or otherwise departing from the true scope of the

invention. Often, logic elements may be added, modified, omitted, performed in a
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different order, or implemented using different logic constructs (e.g., logic gates, looping
primitives, conditional logic, and other logic constructs) without changing the overall

results or otherwise departing from the true scope of the invention.

[0132] Various embodiments of the invention may be embodied in many different
forms, including computer program logic for use with a processor (e.g.,, a
microprocessor, microcontroller, digital signal processor, or general purpose computer
and for that matter, any commercial processor may be used to implement the
embodiments of the invention either as a single processor, serial or parallel set of
processors in the system and, as such, examples of commercial processors include, but

are not limited to Merced™, Pentium™, Pentium ™, Xeon™ Celeron™, Pentium

Pro™ Efficeon™ Athlon™ AMD™ and the like), programmable logic for use with a
programmable logic device (e.g., a Field Programmable Gate Array (FPGA) or other
PLD), discrete components, integrated circuitry (e.g., an Application Specific Integrated
Circuit (ASIC)), or any other means including any combination thereof. In an exemplary
embodiment of the present invention, predominantly all of the communication between
users and the server is implemented as a set of computer program instructions that is
converted into a computer executable form, stored as such in a computer readable

medium, and executed by a microprocessor under the control of an operating system.

[0133] Computer program logic implementing all or part of the functionality where
described herein may be embodied in various forms, including a source code form, a
computer executable form, and various intermediate forms (e.g., forms generated by an
assembler, compiler, linker, or locator). Source code may include a series of computer
program instructions implemented in any of various programming languages (e.g., an
object code, an assembly language, or a high-level language such as Fortran, C, C++,
JAVA, or HTML. Moreover, there are hundreds of available computer languages that
may be used to implement embodiments of the invention, among the more common
being Ada; Algol; APL; awk; Basic; C; C++; Conol; Delphi; Eiffel; Euphoria; Forth;
Fortran; HTML; lcon; Java; Javascript;, Lisp; Logo; Mathematica; MatLab; Miranda;
Modula-2; Oberon; Pascal; Perl; PL/I; Prolog; Python; Rexx; SAS; Scheme; sed; Simula;
Smalltalk; Snobol; SQL; Visual Basic; Visual C++; Linux and XML.) for use with various
operating systems or operating environments. The source code may define and use

various data structures and communication messages. The source code may be in a
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computer executable form (e.g., via an interpreter), or the source code may be converted

(e.q., via a translator, assembler, or compiler) into a computer executable form.

[0134] The computer program may be fixed in any form (e.g., source code form,
computer executable form, or an intermediate form) either permanently or transitorily in a
tangible storage medium, such as a semiconductor memory device (e.g, a RAM, ROM,
PROM, EEPROM, or Flash-Programmable RAM), a magnetic memory device (e.g., a
diskette or fixed disk), an optical memory device (e.g., a CD-ROM or DVD-ROM), a PC
card (e.g., PCMCIA card), or other memory device. The computer program may be fixed
in any form in a signal that is transmittable to a computer using any of various
communication technologies, including, but in no way limited to, analog technologies,
digital technologies, optical technologies, wireless technologies (e.g., Bluetooth),
networking technologies, and inter-networking technologies. The computer program may
be distributed in any form as a removable storage medium with accompanying printed or
electronic documentation (e.g., shrink wrapped software), preloaded with a computer
system (e.g., on system ROM or fixed disk), or distributed from a server or electronic

bulletin board over the communication system (e.g., the Internet or World Wide Web).

[0135] Hardware logic (including programmable logic for use with a programmable
logic device) implementing all or part of the functionality where described herein may be
designed using traditional manual methods, or may be designed, captured, simulated, or
documented electronically using various tools, such as Computer Aided Design (CAD), a
hardware description language (e.g., VHDL or AHDL), or a PLD programming language
(e.g., PALASM, ABEL, or CUPL). Hardware logic may also be incorporated into display
screens for implementing embodiments of the invention and which may be segmented
display screens, analogue display screens, digital display screens, CRTs, LED screens,

Plasma screens, liquid crystal diode screen, and the like.

[0136] Programmable logic may be fixed either permanently or transitorily in a
tangible storage medium, such as a semiconductor memory device (e.g., a RAM, ROM,
PROM, EEPROM, or Flash-Programmable RAM), a magnetic memory device (e.g., a
diskette or fixed disk), an optical memory device (e.g., a CD-ROM or DVD-ROM), or
other memory device. The programmable logic may be fixed in a signal that is

transmittable to a computer using any of various communication technologies, including,
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but in no way limited to, analog technologies, digital technologies, optical technologies,
wireless technologies (e.g., Bluetooth), networking technologies, and internetworking
technologies. The programmable logic may be distributed as a removable storage
medium with accompanying printed or electronic documentation (e.g., shrink wrapped
software), preloaded with a computer system (e.g., on system ROM or fixed disk), or
distributed from a server or electronic bulletin board over the communication system
(e.q., the Internet or World Wide Web).

[0137] “Comprises/comprising” and “includes/including” when used in this
specification is taken to specify the presence of stated features, integers, steps or
components but does not preclude the presence or addition of one or more other
features, integers, steps, components or groups thereof. Thus, unless the context clearly
requires otherwise, throughout the description and the claims, the words ‘comprise’,
‘comprising’, ‘includes’, ‘including’ and the like are to be construed in an inclusive sense
as opposed to an exclusive or exhaustive sense; that is to say, in the sense of “including,

but not limited to”.
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CLAIMS

1. A method of scanning for vascular irregularities in at least one in vivo image
acquired in the absence of contrast agent, the method including:

applying a multi-scale filter to the in vivo image to provide a probability field and
a scale field;

performing vessel segmentation on the probability field to extract a vasculature
tree from the probability field;

mapping the scale field to the segmented vasculature tree to quantify the
geometry of the vasculature tree; and

performing an automated geometric analysis on the quantified geometry to

detect irregularities in the vasculature.

2. The method of claim 1, wherein the step of providing a probability field and a
scale field includes:

applying a multi-scale filter to the in vivo image to provide multiple probability
fields, one for each scale;

creating an overall probability field from the multiple probability fields by
performing a voxel-by-voxel comparison on each of the multiple probability fields and
selecting the highest probability for each voxel; and

creating a corresponding overall scale field by recording the scale at which the
highest probability occurs for each voxel.

3. The method of claim 1 or claim 2, wherein the step of applying a multi-scale
filter includes inverting the in vivo image or using a filter that effectively inverts the in

vivo image.

4. The method of any one of claims 1 to 3, wherein the step of applying a multi-
scale filter includes two stages, applying a first coarse scale and a second fine scale.

5. The method of any one of claims 1 to 4, wherein the step of segmenting the

vasculature includes performing a region growing operation on the probability field.
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6. The method of any one of claims 1 to 5, wherein the step of applying a multi-
scale filter includes using or applying a shape filter, wherein preferably the shape used
in the shape filter is a tube.

7. The method of any one of claims 1 to 5, wherein the step of applying a multi-
scale filter involves applying a multi-scale filter to a three-dimensional in vivo image in

the absence of contrast agent.

8. The method of claim 7, wherein the step of applying a multi-scale filter includes
applying a shape filter, wherein the shape used in the shape filter is a tube, and the
probability field represents the probability that a voxel in the in vivo image is a part of
a tubular structure and the scale field represents the filter size that yields the greatest
probability that the voxel belongs to a tubular structure.

9. The method of any one of claims 1 to 8, wherein the step of applying a multi-

scale filter includes using a Hessian-based filter.

10. The method of any one of claims 1 to 9, wherein the step of performing the
automated geometric analysis includes comparing the scale at a first position in the

vasculature tree to the scale at a second position in the vasculature tree.

11. The method of any one of claims 1 to 10, wherein the step of performing the
automated geometric analysis includes calculating the change in scale along a length

of a branch in the vasculature tree.

12. The method of any one of claims 1 to 11, including performing automated

geometric analysis throughout the entire segmented vasculature tree.

13. The method of any one of claims 1 to 12, wherein the in vivo image is of the
lung, and wherein the step of performing an automated geometric analysis includes
scanning for a vascular irregularity in the lung vasculature, such as an embolism,

and/or includes classifying segments of the vasculature as normal or irregular.
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14. The method of any one of claims 1 to 13, including inverting the in vivo (three-

dimensional) image before the filtering step.

15. A method of scanning for vascular irregularities in at least one in vivo image
acquired in the absence of contrast agent, the method including:

applying a multi-scale filter to the in vivo image to provide a probability field and
a scale field;

performing vessel segmentation on the probably field to extract a vasculature
tree from the in vivo image; and

performing an automated analysis on the probability field and/or the scale field
to detect irregularities in the vasculature.

16. The method according to claim 15, including applying a multi-scale shape filter

to the in vivo image.

17.  The method according to claim 15 or claim 16, wherein the step of performing
the automated analysis includes comparing the scale at a first position to the scale at

a second position.

18. The method according to claim 17, including mapping the scale field to the

segmented vasculature tree to quantify the geometry of the vasculature tree.

19. A method of scanning for a pulmonary embolism in at least one in vivo image
acquired in the absence of contrast agent, the method including:

applying a multi-scale shape filter to the in vivo image to provide a probability
field and a scale field;

performing vessel segmentation on the probably field to extract a vasculature
tree;

mapping the scale field to the segmented vasculature tree to quantify the
geometry of the vasculature; and

calculating the change in scale along a length of a branch in the vasculature

tree to detect irregularities in the vasculature.
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20. A method of scanning for a pulmonary embolism in the lung vasculature in at
least one in vivo image acquired in the absence of contrast agent, the method
including:

applying a Hessian-based multi-scale shape filter as per Frangi 1998 to provide
a probability field and a scale field;

segmenting a vascular tree from the probability field by performing a region
growing operation on the probability field;

skeletonising the vasculature tree by extracting the centreline of each branch
in the vasculature tree;

mapping the scale field to the skeletonised vasculature tree to provide the scale
of the vessel at each point in the skeletonised vasculature tree; and

calculating the change in scale along the centreline in a length of a branch in
the vasculature tree to detect a pulmonary embolism.

21. A method of detecting an irregularity in lung vasculature, the method comprising
the steps of:

(i) providing at least one image of a lung vasculature comprising one or
more vessels, the image having been captured in vivo in the absence of
contrast agent,

(i) applying a filter to the image to create an output including a probability
field and scale field for the lung vasculature, and using one or two forms
of the output to segment and quantify the geometry of the lung
vasculature,

(iif)  analysing the output in conjunction with geometric analysis to detect
irregularities in the one or more vessels of the lung vasculature;

wherein step (ii) comprises one or more of the following sub-steps:

(ii)(a) performing a Hessian-based multi-scale shape filter (as per Frangi 1998)
on the image from step (i) to provide a probability field for the lung
vasculature,

(ii)(b) carrying out flood-fill selection of the probability field for the lung
vasculature to yield a binary image,

(ii)(c) carrying out binary segmentations of the binary image,

(ii)(d) performing vessel centreline extraction from the binary segmentation,
and
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(ii)(e) associating the scale from the shape filter (filter size which yields
greatest probability that any given point on the image belongs to a
tubular structure) to each point along the centreline of the vasculature

tree to obtain local geometry data.

22. The method according to claim 21, wherein the step of analysing the output

includes calculating a change in vessel diameter.

23. The method according to claim 21 or claim 22, wherein the irregularity

comprises one or more pulmonary embolisms.

24. A method of calculating a ventilation/perfusion ratio from at least one in vivo
lung image acquired in the absence of contrast agent and a time series of lung images,
the method including:

applying a filter to the in vivo lung image to provide a probability field and a
scale field;

performing vessel segmentation on the probably field to extract a vasculature
tree from the probability field;

mapping the scale field to the segmented vasculature tree to quantify the
geometry of the vasculature tree;

measuring the motion of a portion of the lung from the time series of lung
images;

comparing the motion of the potion of the lung to the scale of the vasculature in

the region of the portion of the lung to obtain a ventilation/perfusion measure.

25.  The method of claim 24, including measuring the displacement of the portion of
the lung.

26. The method of claim 24 or claim 25, including measuring the expansion of the
portion of the lung.

27. The method of any one of claims 24 to 26, including measuring the motion at
multiple points in the portion of the lung and averaging the multiple measurements.
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28. The method of any one of claims 24 to 26, including measuring the motion of
multiple potions of the lung, and performing the comparison at each of the multiple
portions.

29. The method of any one of claims 24 to 28, wherein the portion of the lung is
defined by a region distal to a selected point in the segmented vasculature.

30. The method as claimed in any one of the preceding claims, wherein the at least
one image is any one or any combination of multiple 2D images and / or at least one
3D image.
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