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(57) Abstract: A method includes identifying aplurality of different anatomical sub-regions of the cardiovascular system of a sub-
ject in image data of the subject based on a subject specific cardiovascular anatomical model, wherein the plurality of different re-
gions corresponds to regions where calcifications occur, searching for and identifying calcifications in the sub- regions based on
voxel grey value intensity values of the image data, and generating a signal indicative of one or more regions of voxels of the im-
age data respectively corresponding to sub-regions including identified calcifications. A computing system (118) includes a pro-
cessor that automatically determines a plurality of different groups of voxels of image data of a subject, wherein each group of
voxels corresponds to a different sub-region of the cardiovascular system of the subject and each group of voxels corresponds to a
region that includes a calcification identified in the image data.
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IDENTIFYING INDIVIDUAL SUB-REGIONS OF THE
CARDIOVASCULAR SYSTEM FOR CALCIUM SCORING

FIELD OF THE INVENTION
The following generally relates to imaging and more particularly to
identifying individual sub-regions of the cardiovascular system for calcium scoring and is
described with particular application to computed tomography (CT); however, the

following is also amenable to other imaging modalities.

BACKGROUND OF THE INVENTION

A computed tomography (CT) scanner includes an x-ray tube that emits
radiation that traverses an examination region and a portion of an object or subject therein.
A detector detects radiation traversing the examination region and generates projection
dataindicative of the detected radiation. A reconstructor reconstructs the projection data
and generates volumetric image data indicative of the portion of the object or subject in the
examination region.

A cardiac CT scan for coronary calcium is a non-invasive way of obtaining
information about the presence, location and extent of calcified plaque in the coronary
arteries. Generally, calcified plaque is build-up of fat and/or other substances under the
inner layer of the artery and may indicate apresence of atherosclerosis, or coronary artery
disease, which indicates arisk of heart attack. Since calcium is amarker of coronary artery
disease, the amount of calcium in CT data has been quantified as a calcium score through a
procedure generaly referred to as calcium scoring.

Conventionally, two main calcium scoring approaches exist. Thefirstis
automatic calcium scoring, which is done globally, so there isone global calcium score.
The other ismanual calcium scoring in which auser employs a software application to
manually distinguish different regions of the coronary arteries and calcium scores are
determined for the different regions. Unfortunately, such methods do not always provide
the granularity of interest for al patients.

For example, for minimally invasive aortic valve implantation, the spatial
distribution of calcified plaque around the aortic valve, aortic bulbus, leftventricular

outflow tract and aortaisimportant for risk assessment and planning of the procedure.
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Calcium in the aorta determines the access method; the amount of calcium on the valve has
an influence on the selection of the right diameter of the stent; distribution of calcium on
the three (3) leaflets can have an influence on stent stability; calcium on the leftventricular
outflow tract has an influence on the stability of the implanted stent.

In view of the above, there is an unresolved need for novel and non-obvious

calcium scoring approaches.

SUMMARY OF THE INVENTION

Aspects of the present application address the above-referenced matters and
others.

According to one aspect, amethod includes identifying aplurality of
different anatomical sub-regions of the cardiovascular system of a subject in image data of
the subject based on a subject specific cardiovascular anatomical model, wherein the
plurality of different regions corresponds to regions where calcifications occur, searching
for and identifying calcifications in the sub-regions based on voxel grey value intensity
values of the image data, and generating a signal indicative of one or more regions of
voxels of the image data respectively corresponding to sub-regions including identified
calcifications.

According to another aspect, a computing system includes a processor that
automatically determines aplurality of different groups of voxels of image data of a
subject, wherein each group of voxels corresponds to a different sub-region of the
cardiovascular system of the subject and each group of voxels corresponds to aregion that
includes a calcification identified in the image data.

According to another aspect, amethod includes automatically determining
and visualizing calcium score for different individual sub-regions of the cardiovascular

system of a subject.

BRIEF DESCRIPTION OF THE DRAWINGS
The invention may take form in various components and arrangements of
components, and in various steps and arrangements of steps. The drawings are only for
purposes of illustrating the preferred embodiments and are not to be construed as limiting

the invention.
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FIGURE 1lillustrates an imaging system in connection with a calcium
score.

FIGURE 2 shows an example of the calcium scorer.

FIGURE 3illustrates amethod for facilitating calcium scoring.

DETAILED DESCRIPTION OF EMBODIMENTS

FIGURE 1lillustrates an imaging system such as a computed tomography
(CT) scanner 100.

The scanner 100 includes a stationary gantry 102 and arotating gantry 104,
which isrotatably supported by the stationary gantry 102. The rotating gantry 104 rotates
around an examination region 106 about alongitudinal or z-axis. A patient support 108,
such as a couch, supports apatient in the examination region 106 and is movable along the
z-axis in coordination with the rotation of the rotating gantry 104 to facilitate helical, axial,
or other desired scanning trajectories.

A radiation source 110, such as an x-ray tube, is supported by and rotates
with the rotating gantry 104 around the examination region 106. The radiation source 110
emits radiation that is collimated by a source collimator to produce a generally fan, wedge,
or cone shaped radiation beam that traverses the examination region 106. A radiation
sensitive detector array 112 detects radiation that traverses the examination region 106 and
generates projection data indicative of the detected radiation.

A reconstructor 114 reconstructs the projection data and generates
volumetric image data indicative of the examination region 106. A general purpose
computing system serves as an operator console 116, and includes an output device such as
adisplay and an input device such as akeyboard, mouse, and/or the like. Software resident
on the console 116 allows the operator to control the operation of the system 100, for
example, allowing the operator to initiate scanning, etc.

A computing system 118 such as aworkstation, a computer, or the likeis
configured to process the image data. The computing system 118 includes one or more
processors 120 and computer readable storage medium 122 (e.g., physica memory)
encoded or embedded with computer readable instructions (e.g., software programs),
which, when executed by the one or more processors 120 cause the computing system 118

to carry out various functions. The storage medium 122 also stores data 124.
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Such instructions include instructions for implementing a calcium scorer
126 for calcium scoring. Asdescribed in greater detail below, the calcium scorer 126 is
configured to automatically and/or semi-automatically take into account the spatial
distribution of the cardiac region for calcium scoring. By way of example, for calcium
scoring for coronary artery disease, the calcium scorer 126 can determine a calcium score
for each part of interest of the cardiovascular system.

The calcium scores for a sub-set or al parts of the cardiac region of interest
and/or combined scores can be variously presented via agraphical user interface (GUI), for
example, in atable where each result is connected to a corresponding anatomical model.
Additionally or aternatively, the connection can be visualized by coloring or other indicia,
and/or the user can select apart of the anatomical model via auser interactive GUI where
the corresponding calcium score are displayed. Additionally or alternatively, calcium
scores can be mapped on a surface of the anatomical model.

One or more communication ports 128 are configured for communication
with one or more input devices (e.g., akeyboard, amouse, and the like), one or more
output devices (e.g., adisplay, aprinter, etc.), one or more apparatuses (e.g., a computing
system, portable storage, etc.), one or more data repositories, the system 100 (e.g., the
console 116 and/or the reconstructor 114), etc. A graphics controller 130 processes data
for presentation on amonitor, such as adisplay 132, in a human readable format.

Although the storage medium 122 is shown as a single component, it isto
be understood that the storage medium 122 may include aplurality of storage units,
including storage local to the computing system 118 and/or storage external from the
computing system 118. Likewise, the processors 120 may be distributed across different
computing systems. Furthermore, the computing system 118 may be part of the console
116, or vice versa, or located remote from the system 100. Moreover, the one or more
processors 120 may additionally or alternatively execute instructions carried by transitory
medium such as a signal or wave carrier.

FIGURE 2 illustrates an example of the calcium scorer 126.

In this example, the calcium scorer 126 utilizes a model-based segmentation
to determine one or more search regions for each part of anatomy of interest throughout a
three dimensional (3D) volume of image data and calcium scores are determined for the

search regions.
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The illustrated calcium scorer 126 includes apatient model generator 202
that generates a (whole body or organ specific) patient specific model based on image data
generated by the reconstructor 114 or other system and one or more algorithms. Inthe
illustrated embodiment, the patient model generator 202 employs a model-based algorithm
204 such as amodel-based segmentation agorithm to generate the patient model. Inthe
illustrated embodiment, the algorithm 204 and/or one or more other algorithms are stored
in algorithm storage 206.

In this example, apatient specific model is generated by adapting a generic
cardiovascular system model to images of the specific patient. Generally, the generic
model describes the shape, variability and appearance for the individual sub-regions of the
cardiovascular system. The patient model generator 202 separates knowledge about the
shape from knowledge about image appearance, which facilitates adaptation. In addition,
the generic model includes information that controls the sequence and parameters for the
model adaptation.

An example of a suitable algorithm is described in O. Ecabert et al,
"Automatic Model-Based Segmentation of the Heart in CT images,” |EEE Transactions on
Medica Imaging, Vol. 27(9), p. 1189-1201, 2008. Another example of a suitable
algorithm is described in J. Weese ¢ al, "Patient-Specific Heart Models for Diagnosis and
Interventions,” MEDICAMUNDI, Vol.53(3), p. 72-78, 2009. Other agorithms, including
other segmentation based and/or non-segmentation based algorithms, are also contemplated
herein.

A search region identifier 208 identifies, for structures represented in the
image data for which calcifications might be found, one or more search regions based on
the patient model. In one non-limiting embodiment, this can be achieved using aregion
growing approach, starting from the surface of the model, in aregion around alandmark,
or there could be additional structures in the model which are moving passively with the
model during segmentation. Each search region can be uniquely identified or labeled (e.g.,
via color, text, highlight, etc.) and corresponds to a different region of interest of the
cardiovascular system.

By way of non-limiting example, afirst search region corresponding to the
antrioventricular (AV) leaflet 1 assigned afirst color, a second search region corresponding
tothe AV leaflet 2 assigned a second color, athird search region corresponding to the AV
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leaflet 3 assigned athird color, afourth search region corresponding to the mitral assigned
afourth color, afifth search region corresponding to left ventricalur (LV) outflow assigned
afifth color, a sixth search region corresponding to bulbus assigned a sixth color, a seventh
search region corresponding to aorta assigned a seventh color, a eighth search region
corresponding to left ostium assigned a eighth color, aninth search region corresponding to
right ostium assigned aninth color, etc.

A cacification locator 210 locates calcifications in the identified search
regions. In one non-limiting embodiment, this can be achieved based on one or more pre-
determine thresholds 212, such as athreshold from threshold storage 214 and/or other
storage. The selected threshold should be as low as possible to identify a calcification, but
high enough to distinguish between a calcification and surrounding tissue. The threshold
can be computed separately for each part based on the mean intensity and standard
deviation in its neighboring structures utilizing the patient mode and/or otherwise.

In one instance, the threshold depends on the image intensities (e.g., an
average intensity plus amargin) of the blood pool near to the identified search regions,
which depends on the concentration of contrast agent. The identified calcifications can be
labeled according to the label of the corresponding search region. For example, if two
calcifications are located in the first region and one calcification is located in the second
region, then the two calcifications in the first region are similarly labeled with the first
color and the calcification in the second region is labeled with the second color.

A voxel identifier 216 identifies one or more groups of voxels in the image
data corresponding to the located calcification regions. In one non-limiting embodiment,
this may include growing a calcification region outside of an identified search region and
identifying voxels in the region outside of the identified search region. Likewise, the
identified voxels can be labeled according to the label of the corresponding search region.
For example, if first and second regions of voxels are identified for the two located
calcifications, the identified voxels are likewise labeled with the first color.

A calcium quantifier 218 quantifies the calcifications in the identified
voxels, generating calcium scores for the different search regions and/or structure
represented thereby. Any known and/or other calcium scoring algorithm can be utilized to

generate the calcium scores.
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An image processor 220 variously processes the identified voxels and/or the
calcium scores for visua presentation, for example, viathe display 132 (FIGURE 1) and/or
other display.

In one instance, the image processor 220 generates atable for each of the
structures corresponding to the identified search regions. By way of example, Table 1
below shows anon-limiting example for the regions listed above. Although not shown, the
datain either or both of the columns can be presented in the color corresponding to the
above-noted label for the structure.

STRUCTURE | CALCIUM SCORE

AV Leaflet 1 39 mm?

AV Leaflet 2 17 mm?

AV Leaflet 3 | 34 mm?

Mitral Valve 1253 mm®

LV Outflow 42 mm?

Bulbus 85 mm?>

Aorta 1579 mm?

Left Ostium | 220 mm?

Right Ostium | 0 mm’

Table 1. Calcium Scores.

Additionally or alternatively, the image processor 220 can map the calcium
scores to an anatomical model and visually present the anatomical model and calcium
scores in the GUI. The calcium scores can be visually presented with the anatomical
model via the colors corresponding to the different structure and/or table entries,
alphanumeric text, highlighting, and/or otherwise.

Additionally or alternatively, the image processor 220 can map the calcium
scores to an anatomical model and visually present only the anatomical model in the GUI.

In this instance, the user can hover amouse pointer or other pointing device over aregion
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of interest in the GUI representing the anatomy of interest, click on such aregion with a
mouse or the like, select the region of interest via akeyboard, and/or otherwise identify the
region of interest. In response, the calcium score can be displayed as discussed herein via
alphanumeric character, color, audio, and/or otherwise.

Additionally or aternatively, the image processor 220 can map the calcium
scores to the image data such as transverse (axia), coronal, sagittal, and/or oblique slices
of the volumetric image data, 3D or 4D renderings, and/or otherwise visually displayed
image data. In this instance, the calcium scores can be presented as discussed herein in
which the image data i s connected to the information in Table 1 and/or presented upon
identifying aregion of interest.

Additionally or aternatively, the image processor 220 can map the calcium
scores onto the surface of the anatomical model. In this instance, grey value profiles can
computed perpendicular to the surface of the model. The values can be normalized such
that the local blood pool image intensity is mapped to zero. Then, the integral aong the
profile is computed and mapped to the surface of the patient profile for visualization.

Color or other indicia can be used to indicate arelative or absolute degree,
severity, risk, etc. (e.g., red for high severity and green for low severity, one or more other
colors for severity in between). A transparency setting can be used to see through the top
surface of the anatomical model to underlying surface(s) with the indicia which otherwise
is hidden by the top surface and not visible. If no quantitative measure is mapped to the
surface, the maximum intensity along the profile can be used without normalization.

Various known visualization techniques, including zoom, pan, rotate,
transparency, segmentation (removal of structure), etc. can be utilized with the visually
presented data.

A recommender 222 generates asignal indicative of arecommended action
(and optionally other information) based on the one or more of the calcium scores
determined by the calcium quantifier 218. In one instance, the recommender 222 generates
arecommendation for particular anatomical structure identified and assigned a calcium
score based on the assigned calcium score. In another instance, the recommender 222
generates the recommendation for the particular anatomical structure based on a calcium

score assigned to other structure. In yet another instance, the recommender 222 generates
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the recommendation for the particular anatomical structure based on a compilation of
calcium scores for multiple structures assigned calcium scores.

Suitable recommendations include, but are not limited to, one or more
interventional procedures, one or more further tests, adietary change for the patient, a
activity change for the patient, amedication for the patient, and/or other recommendation.
By way of example, arecommendation may include recommending an access point for a
device to the implanted such as minimally invasive aortic valve implantation. In another
example, arecommendation may include recommending a size of a device to be implanted
such as a diameter of a stent to be implanted, and provide information such as likely stent
stability. The above examples are not limiting, and other recommendations and/or
information may be provided by the recommender 222.

FIGURE 3 illustrates an example method for facilitating determining
calcium scores for one or more sub-regions of interest of the cardiovascular system.

It isto be appreciated that the ordering of the above actsis not limiting. As
such, other orderings are contemplated herein. In addition, one or more acts may be
omitted and/or one or more additional acts may be included.

At 302, image datais obtained. The image data can be generated by the
reconstructor 114 and/or other system.

At 304, apatient specific model of anatomy of interest is generated based on
the image data and a generic anatomical model.

At 306, search regions are identified in the image data based on the patient
model.

At 308, calcifications are identified in one or more of the search regions. As
described herein, thresholding and/or other techniques can be employed.

At 310, regions about the identified calcifications are determined.

At 312, groups of voxels corresponding to the different regions are
identified.

At 314, calcium scores are determined respectively for the different groups.

At 316, the calcium scores are variously visually presented.

As described herein, in one instance this may include generating and
presenting atable mapping regions of interest to calcium scores, visually mapping the

calcium scores to corresponding locations on an anatomical model via color or otherwise,
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associating the calcium scores to corresponding locations on an anatomical model where
selecting alocation results in presentation of the associated calcium score, visually
mapping the calcium scores on a surface of the anatomical model to indicate arelative or
absolute severity of the calcium deposit.

The above may be implemented by way of computer readable instructions,
which when executed by a computer processor(s), cause the processor(s) to carry out the
described acts. In such acase, the instructions are stored in a computer readable storage
medium associated with or otherwise accessible to the relevant computer. The acts need
not be performed concurrently with data acquisition.

The invention has been described herein with reference to the various
embodiments. Modifications and alterations may occur to others upon reading the
description herein. It isintended that the invention be construed as including all such
modifications and alterations insofar asthey come within the scope of the appended claims

or the equivalents thereof.
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CLAIMS

What is claimed is:

1. A method, comprising:

identifying aplurality of different anatomical sub-regions of the cardiovascular
system of a subject in image data of the subject based on a subject specific cardiovascular
anatomical model, wherein the plurality of different regions corresponds to regions where
calcifications occur;

searching for and identifying calcifications in the sub-regions based on voxel grey
value intensity values of the image data; and

generating a signa indicative of one or more regions of voxels of the image data
respectively corresponding to sub-regions including identified calcifications.

2. The method of claim 1, further comprising:

obtaining a generic anatomical model of the cardiovascular system; and

generating the subject specific cardiovascular anatomical model based on the image
data and the generic anatomical model of the cardiovascular system.

3. The method of any of claims 1to 2, further comprising:
employing apre-determined threshold to identify a calcification in a sub-region.

4, The method of claim 3, wherein the threshold is based on intensity values of a
blood pool near the region.

5. The method of claim 4, wherein the threshold is based on an average value of the

intensity values plus amargin.

6. The method of any of claims 3 to 5, wherein the threshold is based on amean
intensity and standard deviation in structures neighboring the sub-region in the subject
specific cardiovascular model.
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7. The method of any of claims 3to 6, wherein afirst threshold is used for afirst sub-
region, a second threshold is used for a second sub-region of the regions, and the first and

second thresholds are different.

8. The method of any of claims 1to 7, further comprising.

determining calcium scores for at least one of the sub-regions.

9. The method of claim 8, further comprising.
growing a least one of the regions of voxels outside of a corresponding search sub-
region into an expanded region; and

determining a calcium score based on the expanded region.

10. The method of any of claims 8to 9, further comprising.
visually presenting the calcium scores along with indicia indicating respective sub-

regions of the anatomical sub-regions.

11.  The method of claim 10, further comprising:

associating a different color with each of the sub-regions;

visually presenting the calcium scores along and with the indicia, using the
respective colors for the sub-regions; and

visually presenting the subject specific cardiovascular anatomical model, using the
respective colors of the sub-regions to identify the sub-regions in the subject specific

cardiovascular anatomical model.

12. The method of any of claims 8to 11, further comprising:
generating a mapping between the calcium scores and the subject specific
cardiovascular anatomical model;
visually presenting the subject specific cardiovascular anatomical model; and
visually presenting a calcium score for a sub-region in response to receiving a

signal indicative of auser input selecting the sub-region.

13. The method of any of claims 8to 12, further comprising:
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determining relative severities for the calcium scores;

assigning a different color to the different severities;

generating a mapping between the relative severities and a surface of the subject
specific cardiovascular anatomical model; and

visually presenting the subject specific cardiovascular anatomical model, using the
different colors assigned to the severities to identify the relative severities in corresponding

sub-regions.

14. The method of claim 13, further comprising:

assigning atransparency value to the surface; and

visually presenting the subject specific cardiovascular anatomical model, using the
different colorsto identify the relative severities in corresponding sub-regions behind the

surface.

15. A computing system (118), comprising:

aprocessor that automatically determines a plurality of different groups of voxels
of image data of a subject, wherein each group of voxels corresponds to a different sub-
region of the cardiovascular system of the subject and each group of voxels corresponds to
aregion that includes a calcification identified in the image data.

16. The system of claim 15, wherein the processor determines the plurality of different
sub-regions based on a subject specific cardiovascular anatomical model.

17. The system of claim 16, wherein the processor determines the subject specific
cardiovascular anatomical model based on the image data and a generic anatomica model
of the cardiovascular system, using a model-based segmentation.

18. The system of any of claims 15 to 17, wherein the processor identifies calcifications
based on a pre-determined voxel intensity value threshold.

19. The system of claim 18, wherein the threshold isbased on at least one of ablood

pool near the sub-region or tissue surrounding the sub-region.
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20. The system of any of claims 15 to 19, wherein the processor identifies the sub-
regions by growing aregion around alandmark starting from a surface of the subject

specific cardiovascular model.

21.  The system of any of claims 15 to 20, wherein the processor determines calcium

score values for the one or more sub-regions.

22. The system of any of claims 15 to 21, wherein the processor visually presents the
calcium scores along with indicia indicating respective sub-regions of the anatomical sub-

regions.

23. The system of claim 22, wherein the processor associates a different color with
each of the sub-regions, visually presents the calcium scores along and with the indicia,
using the respective colors of the sub-regions, and visually presents the subject specific
cardiovascular anatomical model, using the respective colors of the sub-regions to identify
the sub-regions in the subject specific cardiovascular anatomical model.

24, The system of any of claims 22 to 23, wherein the processor generates a mapping
between the calcium scores and the subject specific cardiovascular anatomical model,
visually presents the subject specific cardiovascular anatomical model, and visually
presents a calcium score for a sub-region in response to receiving asignal indicative of a

user selected sub-region.

25. The system of any of claims 22 to 24, wherein the processor determines relative
severities for the calcium scores, assigns a different color to the different severities,
generates amapping between the relative severities and a surface of the subject specific
cardiovascular anatomical model, and visually presents the subject specific cardiovascular
anatomical model, using the different colors to identify the relative severitiesin
corresponding sub-regions.
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26. The system of any of claims 21 to 25, wherein the processor recommends a course

of action based on a calcium score for a given sub-region.

27. The system of any of claims 21 to 25, wherein the processor recommends a course

of action based on a compilation of calcium scores for multiple sub-regions.

28. The system of any of claims 26 to 25, wherein the recommends includes at |east

one of an access point for an implant or a size of the implant.

29. A method, comprising:
automatically determining and visualizing calcium score for different individual

sub-regions of the cardiovascular system of a subject.
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