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Abstract

A system for determining patient-specific cardiovascular information, the
system comprising:

at least one computer system configured to:

receive patient-specific data regarding a geometry of an anatomical
structure of the patient, the anatomical structure of the patient including a
heart or a brain of the patient;

create a three-dimensional model representing at least a portion of
the anatomical structure of the patient based on the patient-specific data;
and

determine, based on the three-dimensional model, a total resistance
associated with a total flow through the portion of the anatomical structure of

the patient.
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METHOD AND SYSTEM FOR PATIENT-SPECIFIC MODELING
OF BLOOD FLOW

Priority

[001]  This application claims the benefit of priority from U.S. Provisional
Application No. 61/401,462, filed August 12, 2010, U.S. Provisional Application
No. 61/401,915, filed August 20, 2010, U.S. Provisional Application No. 61/402,308,
filed August 26, 2010, U.S. Provisional Application No. 61/402,345, filed August 27,
2010, and U.S. Provisional Application No. 61/404,429, filed October 1, 2010, which
are herein incorporated by reference in their entirety. This application is a divisional
application derived from Australian Patent Application Nos. 2017279633 and
2018226375, the entire contents of which, as originally filed, are incorporated herein

by reference.

Technical Field

[002] Embodiments include methods and systems for modeling of fluid

flow and more particularly methods and systems for patient-specific modeling of

blood flow.

Background
[003] Coronary artery disease may produce coronary lesions in the blood

vessels providing blood to the heart, such as a stenosis (abnormal narrowing of a
blood vessel). As a result, blood flow to the heart may be restricted. A patient
suffering from coronary artery disease may experience chest pain, referred to as
chronic stable angina during physical exertion or unstable angina when the patient is
at rest. A more severe manifestation of disease may lead to myocardial infarction, or
heart attack.

[004] A need exists to provide more accurate data relating to coronary
lesions, e.g., size, shape, location, functional significance (e.g., whether the lesion
impacts blood flow), etc. Patients suffering from chest pain and/or exhibiting
symptoms of coronary artery disease may be subjected to one or more tests that
may provide some indirect evidence relating to coronary lesions. For example,
noninvasive tests may include electrocardiograms, biomarker evaluation from blood
tests, treadmill tests, echocardiography, single positron emission computed
tomography (SPECT), and positron emission tomography (PET). These noninvasive
tests, however, typically do not provide a direct assessment of coronary lesions or

assess blood flow rates. The noninvasive tests may provide indirect evidence of
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coronary lesions by looking for changes in electrical activity of the heart (e.g., using
electrocardiography (ECG)), motion of the myocardium (e.g., using stress
echocardiography), perfusion of the myocardium (e.g., using PET or SPECT), or
metabolic changes (e.g., using biomarkers).

[005] For example, anatomic data may be obtained noninvasively using
coronary computed tomographic angiography (CCTA). CCTA may be used for
imaging of patients with chest pain and involves using computed tomography (CT)
technology to image the heart and the coronary arteries following an intravenous
infusion of a contrast agent. However, CCTA also cannot provide direct information
on the functional significance of coronary lesions, e.g., whether the lesions affect
blood flow. In addition, since CCTA is purely a diagnostic test, it cannot be used to
predict changes in coronary blood flow, pressure, or myocardial perfusion under
other physiologic states, e.g., exercise, nor can it be used to predict outcomes of

interventions.

[006] Thus, patients may also require an invasive test, such as diagnostic
cardiac catheterization, to visualize coronary lesions. Diagnostic cardiac
catheterization may include performing conventional coronary angiography (CCA) to
gather anatomic data on coronary lesions by providing a doctor with an image of the
size and shape of the arteries. CCA, however, does not provide data for assessing
the functional significance of coronary lesions. For example, a doctor may not be
able to diagnose whether a coronary lesion is harmful without determining whether
the lesion is functionally significant. Thus, CCA has led to what has been referred to
as an "oculostenotic reflex" of some interventional cardiologists to insert a stent for
every lesion found with CCA regardless of whether the lesion is functionally
significant. As a result, CCA may lead to unnecessary operations on the patient,
which may pose added risks to patients and may result in unnecessary heath care

costs for patients.

[007] During diagnostic cardiac catheterization, the functional significance
of a coronary lesion may be assessed invasively by measuring the fractional flow
reserve (FFR) of an observed lesion. FFR is defined as the ratio of the mean blood
pressure downstream of a lesion divided by the mean blood pressure upstream from
the lesion, e.g., the aortic pressure, under conditions of increased coronary blood
flow, e.g., induced by intravenous administration of adenosine. The blood pressures
may be measured by inserting a pressure wire into the patient. Thus, the decision to
treat a lesion based on the determined FFR may be made after the initial cost and

risk of diagnostic cardiac catheterization has already been incurred.
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[008] Thus, a need exists for a method for assessing coronary anatomy,
myocardial perfusion, and coronary artery flow noninvasively. Such a method and system
may benefit cardiologists who diagnose and plan treatments for patients with suspected
coronary artery disease. In addition, a need exists for a method to predict coronary artery
flow and myocardial perfusion under conditions that cannot be directly measured, e.g.,
exercise, and to predict outcomes of medical, interventional, and surgical treatments on

coronary artery blood flow and myocardial perfusion.

[009] Itis desired to address or ameliorate one or more disadvantages or

limitations associated with the prior art, or to at least provide a useful alternative.

Summary

[009A] In accordance with the present invention, there is provided a system for
determining patient-specific cardiovascular information for a patient, the system
comprising:

at least one computer system configured to:

receive patient-specific data regarding a geometry of an anatomical
structure of the patient, the anatomical structure of the patient including a heart or

a brain of the patient;

create a three-dimensional model representing at least a portion of the

anatomical structure of the patient based on the patient-specific data; the portion of
the anatomical structure of the patient comprising a plurality of blood vessels;

determine, based on the three-dimensional model, a total resistance
associated with a total flow through the portion of the anatomical structure of the
patient; and

determine an individual resistance associated with each of the plurality of
blood vessels based on the total resistance associated with the total flow through
the portion of the anatomical structure of the patient.

[009B] The present invention also provides a method for determining patient-
specific cardiovascular information for a patient using at least one computer system, the
method comprising:

inputting into the at least one computer system patient-specific data regarding a
geometry of an anatomical structure of the patient, wherein the anatomical structure of the

patient is a myocardium or brain of the patient;
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creating, using the at least one computer system, a three-dimensional model
representing at least a portion of the anatomical structure of the patient based on the
patient-specific data, the portion of the anatomical structure of the patient comprising a
plurality of blood vessels;

determining, using the at least one computer system, a total resistance associated
with a total flow through the portion of the anatomical structure of the patient;

determining, using the at least one computer system, an individual resistance
associated with each of the plurality of blood vessels based on the total resistance
associated with the total flow through the portion of the anatomical structure of the patient;
and

determining, using the at least one computer system, information regarding a
blood flow characteristic within the anatomical structure of the patient based on the three-
dimensional model, a physics-based model relating to the anatomical structure of the

patient, and the determined total resistance.

[009C] The present invention also provides a system for determining patient-
specific cardiovascular information for a patient, the system comprising:

at least one computer system configured to:

receive patient-specific imaging data regarding a geometry of at least a
portion of an anatomical structure of the patient, the anatomical structure of the
patient including a heart or a brain of the patient;

create a three-dimensional model representing at least the portion of the
anatomical structure based on the patient-specific imaging data, the portion of the
anatomical structure of the patient comprising a plurality of blood vessels, the
three-dimensional model representing at least a portion of an aorta and at least a
portion of a plurality of coronary arteries emanating from the portion of the aorta,
the three-dimensional model including portions representing a plurality of outlets
for blood flow formed by the plurality of coronary arteries;

determine, based on the three-dimensional model, a total resistance
associated with a total flow through the plurality of coronary arteries, wherein the

total resistance is determined based on the measured blood pressure; and

determine an individual resistance associated with each of the plurality of
blood vessels based on the total resistance associated with the total flow through the

portion of the anatomical structure of the patient.
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[009D] The present invention also provides a method for determining patient-
specific cardiovascular information for a patient using at least one computer system, the
method comprising:

receiving, at at least one computer system, patient-specific imaging data regarding
a geometry of at least a portion of an anatomical structure of the patient, the anatomical
structure of the patient including a heart or a brain of the patient;

creating, using the at least one computer system, a three-dimensional model
representing at least the portion of the anatomical structure based on the patient-specific
imaging data, the portion of the anatomical structure of the patient comprising a plurality of
blood vessels, the three-dimensional model representing at least a portion of an aorta and
at least a portion of a plurality of coronary arteries emanating from the portion of the aorta,
the three-dimensional model including portions representing a plurality of outlets for blood
flow formed by the plurality of coronary arteries;

determining, using the at least one computer system, and based on the three-
dimensional model, a total resistance associated with a total flow through the plurality of
coronary arteries; and

determining, using the at least one computer system, an individual resistance
associated with each of the plurality of blood vessels based on the total resistance

associated with the total flow through the portion of the anatomical structure of the patient.
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Brief Description of the Drawings

[010] Some embodiments of the present invention are hereinafter
described, by way of example only, with reference to the accompanying drawings, in

which:

[011]  Fig. 1 is a schematic diagram of a system for providing various
information relating to coronary blood flow in a specific patient, according to an

exemplary embodiment;

[012]  Fig. 2 is a flow chart of a method for providing various information

relating to blood flow in a specific patient, according to an exemplary embodiment;
[013]  Fig. 3 is a flow chart showing the substeps of the method of Fig. 2;

[014]  Fig. 4 shows imaging data obtained noninvasively from a patient,

according to an exemplary embodiment;

[015]  Fig. 5 shows an exemplary three-dimensional model generated

using the imaging data of Fig. 4;
[016]  Fig. 6 shows a portion of a slice of the imaging data of Fig. 4

including seeds for forming a first initial model,

[017]  Fig. 7 shows a portion of the first initial model formed by expanding
the seeds of Fig. 6;

[018]  Fig. 8 shows a trimmed solid model, according to an exemplary

embodiment;

[019] Fig. 9 shows an exemplary computed FFR (cFFR) model when the

patient is at rest;

[020] Fig. 10 shows an exemplary cFFR model when the patient is under

maximum hyperemia;

[021]  Fig. 11 shows an exemplary cFFR model when the patient is under

maximum exercise;

[022] Fig. 12 shows a portion of a trimmed solid model provided for

forming a lumped parameter model, according to an exemplary embodiment;

[023] Fig. 13 shows a portion of the centerlines for the trimmed solid

model of Fig. 12, provided for forming a lumped parameter model;

[024] Fig. 14 shows segments formed based on the trimmed solid model

of Fig. 12, provided for forming a lumped parameter model,

[025]  Fig. 15 shows the segments of Fig. 14 replaced by resistors,

provided for forming a lumped parameter model;

5
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[026] Fig. 16 shows exemplary lumped parameter models representing
the upstream and downstream structures at the inflow and outflow boundaries of a

solid model, according to an exemplary embodiment;

[027]  Fig. 17 shows a three-dimensional mesh prepared based on the

solid model of Fig. 8;

[028] Figs. 18 and 19 show portions of the three-dimensional mesh of Fig.
17;

[029] Fig. 20 shows a model of the patient's anatomy including blood flow

information with certain points on the model identified by individual reference labels;

[030] Fig. 21 is a graph of simulated blood pressure over time in the aorta

and at some of the points identified in Fig. 20;

[031]  Fig. 22 is a graph of simulated blood flow over time at each of the

points identified in Fig. 20;
[032]) Fig. 23 is a finalized report, according to an exemplary embodiment;

[033] Fig. 24 is a flow chart of a method for providing various information
relating to coronary blood flow in a specific patient, according to an exemplary

embodiment;

[034] Fig. 25 shows a modified cFFR model determined based on a solid
model created by widening a portion of the left anterior descending (LAD) artery and

a portion of the LCX artery, according to an exemplary embodiment;

[035] Fig. 26 shows an example of a modified simulated blood flow model
after widening a portion of the LAD artery and a portion of the left circumflex (LCX)

artery, according to an exemplary embodiment;

[036] Fig. 27 is a flow chart of a method for simulating various treatment

options using a reduced order model, according to an exemplary embodiment;

[037] Fig. 28 is a flow chart of a method for simulating various treatment

options using a reduced order model, according to another exemplary embodiment;

[038] Fig. 29 is a flow chart of a method for providing various information
relating to myocardial perfusion in a specific patient, according to an exemplary

embodiment;

[039] Fig. 30 is a flow chart of a method for providing various information
relating to myocardial perfusion in a specific patient, according to another exemplary

embodiment;



22 Nov 2018

2018267637

[040] Fig. 31 shows a patient-specific model providing various information

relating to myocardial perfusion, according to an exemplary embodiment;

[041]  Fig. 32 is a flow chart of a method for providing various information
relating to myocardial perfusion in a specific patient, according to a further

exemplary embodiment;

[042] Fig. 33 is a cross-sectional view of plaque built up along a blood

vessel wall;

[043] Fig. 34 shows a patient-specific model providing various information

relating to plaque vulnerability, according to an exemplary embodiment;

[044] Fig. 35 is a flow chart of a method for providing various information
relating to assessing plaque vulnerability, myocardial volume risk, and myocardial

perfusion risk in a specific patient, according to an exemplary embodiment;

[045]  Fig. 36 is a schematic diagram showing information obtained from

the method of Fig. 35, according to an exemplary embodiment;
[046] Fig. 37 is a diagram of cerebral arteries;

[047] Fig. 38 is a flow chart of a method for providing various information
relating to intracranial and extracranial blood flow in a specific patient, according to

an exemplary embodiment;

[048] Fig. 39 is a flow chart of a method for providing various information
relating to cerebral perfusion in a specific patient, according to an exemplary

embodiment;

[049] Fig. 40 is a flow chart of a method for providing various information
relating to cerebral perfusion in a specific patient, according to another exemplary

embodiment;

[050] Fig. 41 is a flow chart of a method for providing various information
relating to cerebral perfusion in a specific patient, according to a further exemplary

embodiment; and

[051]  Fig. 42 is a flow chart of a method for providing various information
relating to assessing plaque vulnerability, cerebral volume risk, and cerebral

perfusion risk in a specific patient, according to an exemplary embodiment.

Detailed Description

[052] In accordance with an embodiment, a system for determining
cardiovascular information for a patient includes at least one computer system

configured to receive patient-specific data regarding a geometry of the patient's

7
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heart and create a three-dimensional model representing at least a portion of the
patient's heart based on the patient-specific data. The at least one computer system
is further configured to create a physics-based model relating to a blood flow
characteristic of the patient's heart and determine a fractional flow reserve within the

patient's heart based on the three-dimensional model and the physics-based model.

[053] In accordance with another embodiment, a method for determining
patient-specific cardiovascular information using at least one computer system
includes inputting into the at least one computer system patient-specific data
regarding a geometry of the patient's heart, and creating, using the at least one
computer system, a three-dimensional model representing at least a portion of the
patient's heart based on the patient-specific data. The method further includes
creating, using the at least one computer system, a physics-based model relating to
a blood flow characteristic of the patient's heart, and determining, using the at least
one computer system, a fractional flow reserve within the patient's heart based on

the three-dimensional model and the physics-based model.

[054] In accordance with another embodiment, a non-transitory computer
readable medium for use on at least one computer system containing computer-
executable programming instructions for performing a method for determining
patient-specific cardiovascular information is provided. The method includes
receiving patient-specific data regarding a geometry of the patient's heart and
creating a three-dimensional model representing at least a portion of the patient's
heart based on the patient-specific data. The method further includes creating a
physics-based model relating to a blood flow characteristic in the patient's heart and
determining a fractional flow reserve within the patient's heart based on the three-

dimensional model and the physics-based model.

[055]  In accordance with another embodiment, a system for planning
treatment for a patient includes at least one computer system configured to receive
patient-specific data regarding a geometry of an anatomical structure of the patient and
create a three-dimensional model representing at least a portion of the anatomical
structure of the patient based on the patient-specific data. The at least one computer
system is further configured to determine first information regarding a blood flow
characteristic within the anatomical structure of the patient based on the three-
dimensional model and a physics-based model relating to the anatomical structure of
the patient, modify the three-dimensional model, and determine second information
regarding the blood flow characteristic within the anatomical structure of the patient

based on the modified three-dimensional model.
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[056] In accordance with another embodiment, a non-transitory computer
readable medium for use on a computer system containing computer-executable
programming instructions for performing a method for planning treatment for a
patient is provided. The method includes receiving patient-specific data regarding a
geometry of an anatomical structure of the patient and creating a three-dimensional
model representing at least a portion of the anatomical structure of the patient based
on the patient-specific data. The method further includes determining first
information regarding a blood flow characteristic within the anatomical structure of
the patient based on the three-dimensional model and a physics-based model
relating to the anatomical structure of the patient, and determining second
information regarding the blood flow characteristic within the anatomical structure of
the patient based on a desired change in geometry of the anatomical structure of the

patient.

[057] In accordance with another embodiment, a method for planning
treatment for a patient using a computer system includes inputting into at least one
computer system patient-specific data regarding a geometry of an anatomical
structure of the patient and creating, using the at least one computer system, a
three-dimensional model representing at least a portion of the anatomical structure
of the patient based on the patient-specific data. The method further includes
determining, using the at least one computer system, first information regarding a
blood flow characteristic within the anatomical structure of the patient based on the
three-dimensional model and a physics-based model relating to the anatomical
structure of the patient. The method also includes modifying, using the at least one
computer system, the three-dimensional model, and determining, using the at least
one computer system, second information regarding the blood flow characteristic
within the anatomical structure of the patient based on the modified three-

dimensional model.

[058] In accordance with another embodiment, a system for planning
treatment for a patient includes at least one computer system configured to receive
patient-specific data regarding a geometry of an anatomical structure of the patient
and create a three-dimensional model representing at least a portion of the
anatomical structure of the patient based on the patient-specific data. The at least
one computer system is also configured to determine first information regarding a
blood flow characteristic within the anatomical structure of the patient based on the
three-dimensional model and information regarding a physiological condition of the

patient, modify the physiological condition of the patient, and determine second
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information regarding the blood flow characteristic within the anatomical structure of

the patient based on the modified physiological condition of the patient.

[059] In accordance with another embodiment, a non-transitory computer
readable medium for use on a computer system containing computer-executable
programming instructions for performing a method for planning treatment for a
patient is provided. The method includes receiving patient-specific data regarding a
geometry of an anatomical structure of the patient and creating a three-dimensional
model representing at least a portion of the anatomical structure of the patient based
on the patient-specific data. The method further includes determining first
information regarding a blood flow characteristic within the anatomical structure of
the patient based on the three-dimensional model and information regarding a
physiological condition of the patient, and determining second information regarding
the blood flow characteristic within the anatomical structure of the patient based on

a desired change in the physiological condition of the patient.

[060] In accordance with another embodiment, a method for planning
treatment for a patient using at least one computer system includes inputting into at
least one computer system patient-specific data regarding a geometry of an
anatomical structure of the patient, and creating, using the at least one computer
system, a three-dimensional model representing at least a portion of the anatomical
structure of the patient based on the patient-specific data. The method also includes
determining, using the at least one computer system, first information regarding a
blood flow characteristic within the anatomical structure of the patient based on the
three-dimensional model and information regarding a physiological condition of the
patient. The method further includes modifying, using the at least one computer
system, the physiological condition of the patient, and determining, using the at least
one computer system, second information regarding the blood flow characteristic
within the anatomical structure of the patient based on the modified physiological

condition of the patient.

[061] In accordance with another embodiment, a system for determining
patient-specific cardiovascular information includes at least one computer system
configured to receive patient-specific data regarding a geometry of an anatomical
structure of the patient and create a three-dimensional model representing at least a
portion of the anatomical structure of the patient based on the patient-specific data.
The at least one computer system is also configured to determine a total resistance
associated with a total flow through the portion of the anatomical structure of the

patient and determine information regarding a blood flow characteristic within the

10
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anatomical structure of the patient based on the three-dimensional model, a
physics-based model relating to the anatomical structure of the patient, and the

determined total resistance.

[062] In accordance with another embodiment, a method for determining
patient-specific cardiovascular information using at least one computer system
includes inputting into the at least one computer system patient-specific data
regarding a geometry of an anatomical structure of the patient, and creating, using
at least one computer, a three-dimensional model representing at least a portion of
the anatomical structure of the patient based on the patient-specific data. The
method also includes determining, using at least one computer, a total resistance
associated with a total flow through the portion of the anatomical structure of the
patient, and determining, using at least one computer, information regarding a blood
flow characteristic within the anatomical structure of the patient based on the three-
dimensional model, a physics-based model relating to the anatomical structure of

the patient, and the determined total resistance.

[063] In accordance with another embodiment, a non-transitory computer
readable medium for use on a computer system containing computer-executable
programming instructions for performing a method for determining patient-specific
cardiovascular information is provided. The method includes receiving patient-
specific data regarding a geometry of an anatomical structure of the patient and
creating a three-dimensional model representing at least a portion of the anatomical
structure of the patient based on the patient-specific data. The method also includes
determining a total resistance associated with a total flow through the portion of the
anatomical structure of the patient and determining information regarding a blood
flow characteristic within the anatomical structure of the patient based on the three-
dimensional model, a physics-based model relating to the anatomical structure of

the patient, and the determined total resistance.

[064] In accordance with another embodiment, a system for providing
patient-specific cardiovascular information using a web site includes at least one
computer system configured to allow a remote user to access a web site, receive
patient-specific data regarding at least a portion of a geometry of an anatomical
structure of the patient, create a three-dimensional model representing at least a
portion of the anatomical structure of the patient based on the patient-specific data,
and determine information regarding a blood flow characteristic within the
anatomical structure of the patient based on the three-dimensional model and a

physiological condition of the patient. The at least one computer system is also

11
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configured to communicate display information regarding a first three-dimensional
simulation of at least the portion of the anatomical structure of the patient to the
remote user using the web site. The three-dimensional simulation includes the

determined information regarding the blood flow characteristic.

[065] In accordance with another embodiment, a method for providing
patient-specific cardiovascular information using a web site includes allowing, using
at least one computer system, a remote user to access a web site, and receiving,
using the at least one computer system, patient-specific data regarding a geometry
of an anatomical structure of the patient. The method also includes creating, using
the at least one computer system, a three-dimensional model representing at least a
portion of the anatomical structure of the patient based on the patient-specific data,
and determining, using the at least one computer system, information regarding a
blood flow characteristic within the anatomical structure of the patient based on the
three-dimensional model and a physiological condition of the patient. The method
further includes communicating, using the at least one computer system, display
information regarding a first three-dimensional simulation of at least the portion of
the anatomical structure of the patient to the remote user using the web site. The
three-dimensional simulation includes the determined information regarding the

blood flow characteristic.

[066] In accordance with another embodiment, a non-transitory computer
readable medium for use on a computer system containing computer-executable
programming instructions for performing a method for providing patient-specific
cardiovascular information using a web site is provided. The method includes
allowing a remote user to access a web site, receiving patient-specific data
regarding a geometry of an anatomical structure of the patient, and creating a three-
dimensional model representing at least a portion of the anatomical structure of the
patient based on the patient-specific data. The method also includes determining
information regarding a blood flow characteristic within the anatomical structure of
the patient based on the three-dimensional model and a physics-based model
relating to the anatomical structure of the patient, and communicating display
information regarding a first three-dimensional simulation of at least the portion of
the anatomical structure of the patient to the remote user using the web site. The
three-dimensional simulation includes the determined information regarding the

blood flow characteristic.

[067]  In accordance with another embodiment, a system for determining

patient-specific time-varying cardiovascular information includes at least one computer

12
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system configured to receive time-varying patient-specific data regarding a geometry of
at least a portion of an anatomical structure of the patient at different times and create
a three-dimensional model representing at least a portion of the anatomical structure
of the patient based on the patient-specific data. The at least one computer system
is also configured to determine information regarding a change in a blood flow
characteristic over time within the anatomical structure of the patient based on the
three-dimensional model and a physics-based model relating to the anatomical

structure of the patient.

[068] In accordance with another embodiment, a method for determining
patient-specific time-varying cardiovascular information using at least one computer
system includes receiving, using at least one computer system, time-varying patient-
specific data regarding a geometry of an anatomical structure of the patient at
different times. The method also includes creating, using the at least one computer
system, a three-dimensional model representing at least a portion of the anatomical
structure of the patient based on the patient-specific data. The method further
includes determining, using the at least one computer system, information regarding
a change in a blood flow characteristic over time within the anatomical structure of
the patient based on the three-dimensional model and the information regarding a

physics-based model relating to the anatomical structure of the patient.

[069] In accordance with another embodiment, a non-transitory computer
readable medium for use on a computer system containing computer-executable
programming instructions for performing a method for determining patient-specific
time-varying cardiovascular information is provided. The method includes receiving
time-varying patient-specific data regarding a geometry of an anatomical structure of
the patient at different times, creating a three-dimensional model representing at least
a portion of the anatomical structure of the patient based on the patient-specific data,
and determining information regarding a change in a blood flow characteristic over
time within the anatomical structure of the patient based on the three-dimensional
model and the information regarding a physics-based model relating to the anatomical

structure of the patient.

[070] In accordance with another embodiment, a system for determining
cardiovascular information for a patient includes at least one computer system
configured to receive patient-specific data regarding a geometry and at least one
material property of at least a portion of an anatomical structure of the patient. The
anatomical structure includes at least a portion of a blood vessel. The at least one

computer system is further configured to create a three-dimensional model

13
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representing the anatomical structure of the patient based on the patient-specific
data, and determine information regarding a blood flow characteristic within the
anatomical structure of the patient based on the three-dimensional model and a
physiological condition of the patient. The at least one computer system is also

configured to identify a location of a plaque within the blood vessel.

[071]  In accordance with another embodiment, a method for determining
cardiovascular information for a patient using at least one computer system includes
receiving, using at least one computer system, patient-specific data regarding a
geometry and at least one material property of at least a portion of an anatomical
structure of the patient. The anatomical structure includes at least a portion of a
blood vessel. The method also includes creating, using the at least one computer
system, a three-dimensional model representing the anatomical structure of the
patient based on the patient-specific data, and determining, using the at least one
computer system, information regarding a blood flow characteristic within the
anatomical structure of the patient based on the three-dimensional model and a
physiological condition of the patient. The method further includes identifying, using

the at least one computer system, a plaque within the blood vessel.

[072]  In accordance with another embodiment, a non-transitory computer
readable medium for use on a computer system containing computer-executable
programming instructions for performing a method for determining cardiovascular
information for a patient is provided. The method includes receiving patient-specific
data regarding a geometry and at least one material property of at least a portion of
an anatomical structure of the patient. The anatomical structure includes at least a
portion of a blood vessel. The method also includes creating a three-dimensional
model representing the anatomical structure of the patient based on the patient-
specific data, determining information regarding a blood flow characteristic within the
anatomical structure of the patient based on the three-dimensional model and a
physiological condition of the patient, and identifying a location of a plaque within the

blood vessel.

[073] In accordance with another embodiment, a system for determining
cardiovascular information for a patient includes at least one computer system
configured to receive patient-specific data regarding a geometry of at least a portion
of an anatomical structure of the patient. The anatomical structure includes at least
a portion of a plurality of arteries and tissue connected to at least a portion of the
plurality of arteries. The at least one computer system is further configured to create

a three-dimensional model representing the anatomical structure of the patient
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based on the patient-specific data, divide at least a portion of the three-dimensional
model representing the tissue into segments, and determine information regarding a
blood flow characteristic associated with at least one of the segments based on the

three-dimensional model and a physiological condition of the patient.

[074] In accordance with another embodiment, a method for determining
cardiovascular information for a patient using at least one computer system includes
receiving, using at least one computer system, patient-specific data regarding a
geometry of at least a portion of an anatomical structure of the patient. The
anatomical structure includes at least a portion of a plurality of arteries and tissue
connected to at least a portion of the plurality of arteries. The method also includes
creating, using the at least one computer system, a three-dimensional model
representing the anatomical structure of the patient based on the patient-specific
data, and extending, using the at least one computer system, the three-dimensional
model to form an augmented model. The method further includes dividing, using the
at least one computer system, at least a portion of the augmented model
representing the tissue into segments, and determining, using the at least one
computer system, information regarding a blood flow characteristic associated with
at least one of the segments based on the augmented model and a physiological

condition of the patient.

[075] In accordance with another embodiment, a non-transitory computer
readable medium for use on a computer system containing computer-executable
programming instructions for performing a method for determining cardiovascular
information for a patient is provided. The method includes receiving patient-specific
data regarding a geometry of at least a portion of an anatomical structure of the
patient. The anatomical structure includes at least a portion of a plurality of arteries
and tissue connected to at least a portion of the plurality of arteries. The method
also includes creating a three-dimensional model representing the anatomical
structure of the patient based on the patient-specific data, dividing at least a portion
of the three-dimensional model representing the tissue into segments, and
determining information regarding a blood flow characteristic associated with at least
one of the segments based on the three-dimensional model and a physics-based

model relating to the anatomical structure.

[076] In accordance with another embodiment, a system for determining
cardiovascular information for a patient includes at least one computer system
configured to receive patient-specific data regarding a geometry of the patient's

brain. The at least one computer system is further configured to create a three-
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dimensional model representing at least a portion of the patient's brain based on the
patient-specific data, and determine information regarding a blood flow characteristic
within the patient's brain based on the three-dimensional model and a physics-

based model relating to the patient's brain.

[077] In accordance with another embodiment, a method for determining
patient-specific cardiovascular information using at least one computer system
includes inputting into the at least one computer system patient-specific data
regarding a geometry of at least a portion of a plurality of cerebral arteries of the
patient. The method also includes creating, using the at least one computer system,
a three-dimensional model representing at least the portion of the cerebral arteries
of the patient based on the patient-specific data, and determining, using the at least
one computer system, information regarding a blood flow characteristic within the
cerebral arteries of the patient based on the three-dimensional model and a physics-

based model relating to the cerebral arteries of the patient.

[078]  In accordance with another embodiment, a non-transitory computer
readable medium for use on at least one computer system containing computer-
executable programming instructions for performing a method for determining patient-
specific cardiovascular information is provided. The method includes receiving patient-
specific data regarding a geometry of the patient's brain, creating a three-dimensional
model representing at least a portion of the patient's brain based on the patient-
specific data, and determining information regarding a blood flow characteristic within
the patient's brain based on the three-dimensional model and a physics-based model

relating to the patient's brain.

[079] Additional embodiments and advantages will be set forth in part in
the description which follows, and in part will be obvious from the description, or
may be learned by practice of the disclosure. The embodiments and advantages will
be realized and attained by means of the elements and combinations particularly

pointed out below.

[080] Reference will now be made in detail to exemplary embodiments,
examples of which are illustrated in the accompanying drawings. Wherever possible,
the same reference numbers will be used throughout the drawings to refer to the same

or like parts. This description is organized according to the following outline:
I. Overview
Il. Obtaining and Preprocessing Patient-Specific Anatomical Data
lll. Creating The Three-Dimensional Model Based On Obtained

Anatomical Data
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IV. Preparing The Model For Analysis and Determining Boundary
Conditions
A. Preparing the Model For Analysis
B. Determining Boundary Conditions
i. Determining Reduced Order Models
ii. Exemplary Lumped Parameter Models
C. Creating the Three-Dimensional Mesh
V. Performing The Computational Analysis And Outputting Results
A. Performing the Computational Analysis
B. Displaying Results for Blood Pressure, Flow, and cFFR
C. Verifying Results
D. Another Embodiment of a System and Method for Providing
Coronary Blood Flow Information
VI. Providing Patient-Specific Treatment Planning
A. Using Reduced Order Models to Compare Different Treatment
Options
VII. Other Results
A. Assessing Myocardial Perfusion
B. Assessing Plaque Vulnerability
VIIl. Other Applications
A. Modeling Intracranial and Extracranial Blood Flow
i. Assessing Cerebral Perfusion

ii. Assessing Plaque Vulnerability
I. Overview

[081] In an exemplary embodiment, a method and system determines
various information relating to blood flow in a specific patient using information
retrieved from the patient noninvasively. The determined information may relate to
blood flow in the patient's coronary vasculature. Alternatively, as will be described
below in further detail, the determined information may relate to blood flow in other
areas of the patient's vasculature, such as carotid, peripheral, abdominal, renal, and
cerebral vasculature. The coronary vasculature includes a complex network of
vessels ranging from large arteries to arterioles, capillaries, venules, veins, etc. The
coronary vasculature circulates blood to and within the heart and includes an aorta 2

(Fig. 5) that supplies blood to a plurality of main coronary arteries 4 (Fig. 5) (e.g., the
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left anterior descending (LAD) artery, the left circumflex (LCX) artery, the right
coronary (RCA) artery, etc.), which may further divide into branches of arteries or
other types of vessels downstream from the aorta 2 and the main coronary arteries
4. Thus, the exemplary method and system may determine various information
relating to blood flow within the aorta, the main coronary arteries, and/or other
coronary arteries or vessels downstream from the main coronary arteries. Although
the aorta and coronary arteries (and the branches that extend therefrom) are
discussed below, the disclosed method and system may also apply to other types of

vessels.

[082] In an exemplary embodiment, the information determined by the
disclosed methods and systems may include, but is not limited to, various blood flow
characteristics or parameters, such as blood flow velocity, pressure (or a ratio
thereof), flow rate, and FFR at various locations in the aorta, the main coronary
arteries, and/or other coronary arteries or vessels downstream from the main
coronary arteries. This information may be used to determine whether a lesion is
functionally significant and/or whether to treat the lesion. This information may be
determined using information obtained noninvasively from the patient. As a result,
the decision whether to treat a lesion may be made without the cost and risk

associated with invasive procedures.

[083] Fig. 1 shows aspects of a system for providing various information
relating to coronary blood flow in a specific patient, according to an exemplary
embodiment. A three-dimensional model 10 of the patient's anatomy may be
created using data obtained noninvasively from the patient as will be described
below in more detail. Other patient-specific information may also be obtained
noninvasively. In an exemplary embodiment, the portion of the patient's anatomy
that is represented by the three-dimensional model 10 may include at least a portion
of the aorta and a proximal portion of the main coronary arteries (and the branches

extending or emanating therefrom) connected to the aorta.

[084]  Various physiological laws or relationships 20 relating to coronary
blood flow may be deduced, e.g., from experimental data as will be described below
in more detail. Using the three-dimensional anatomical model 10 and the deduced
physiological laws 20, a plurality of equations 30 relating to coronary blood flow may
be determined as will be described below in more detail. For example, the equations
30 may be determined and solved using any numerical method, e.g., finite
difference, finite volume, spectral, lattice Boltzmann, particle-based, level set, finite

element methods, etc. The equations 30 may be solvable to determine information
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(e.g., pressure, velocity, FFR, etc.) about the coronary blood flow in the patient's

anatomy at various points in the anatomy represented by the model 10.

[085] The equations 30 may be solved using a computer 40. Based on the
solved equations, the computer 40 may output one or more images or simulations
indicating information relating to the blood flow in the patient's anatomy represented
by the model 10. For example, the image(s) may include a simulated blood pressure
model 50, a simulated blood flow or velocity model 52, a computed FFR (cFFR)
model 54, etc., as will be described in further detail below. The simulated blood
pressure model 50, the simulated blood flow model 52, and the cFFR model 54
provide information regarding the respective pressure, velocity, and cFFR at various
locations along three dimensions in the patient's anatomy represented by the model
10. cFFR may be calculated as the ratio of the blood pressure at a particular
location in the model 10 divided by the blood pressure in the aorta, e.g., at the inflow
boundary of the model 10, under conditions of increased coronary blood flow, e.g.,

conventionally induced by intravenous administration of adenosine.

[086] In an exemplary embodiment, the computer 40 may include one or
more non-transitory computer-readable storage devices that store instructions that,
when executed by a processor, computer system, etc., may perform any of the
actions described herein for providing various information relating to blood flow in
the patient. The computer 40 may include a desktop or portable computer, a
workstation, a server, a personal digital assistant, or any other computer system.
The computer 40 may include a processor, a read-only memory (ROM), a random
access memory (RAM), an input/output (I/0O) adapter for connecting peripheral
devices (e.g., an input device, output device, storage device, etc.), a user interface
adapter for connecting input devices such as a keyboard, a mouse, a touch screen,
a voice input, and/or other devices, a communications adapter for connecting the
computer 40 to a network, a display adapter for connecting the computer 40 to a
display, etc. For example, the display may be used to display the three-dimensional
model 10 and/or any images generated by solving the equations 30, such as the
simulated blood pressure model 50, the simulated blood flow model 52, and/or the
cFFR model 54.

[087]  Fig. 2 shows aspects of a method for providing various information
relating to blood flow in a specific patient, according to another exemplary
embodiment. The method may include obtaining patient-specific anatomical data,
such as information regarding the patient's anatomy (e.g., at least a portion of the

aorta and a proximal portion of the main coronary arteries (and the branches
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extending therefrom) connected to the aorta), and preprocessing the data (step
100). The patient-specific anatomical data may be obtained noninvasively, e.g., by
CCTA, as will be described below.

[088] A three-dimensional model of the patient's anatomy may be created
based on the obtained anatomical data (step 200). For example, the three-
dimensional model may be the three-dimensional model 10 of the patient's anatomy

described above in connection with Fig. 1.

[089] The three-dimensional model may be prepared for analysis and
boundary conditions may be determined (step 300). For example, the three-
dimensional model 10 of the patient's anatomy described above in connection with
Fig. 1 may be trimmed and discretized into a volumetric mesh, e.g., a finite element
or finite volume mesh. The volumetric mesh may be used to generate the equations

30 described above in connection with Fig. 1.

[090] Boundary conditions may also be assigned and incorporated into
the equations 30 described above in connection with Fig. 1. The boundary
conditions provide information about the three-dimensional model 10 at its
boundaries, e.g., the inflow boundaries 322 (Fig. 8), the outflow boundaries 324
(Fig. 8), the vessel wall boundaries 326 (Fig. 8), etc. The inflow boundaries 322 may
include the boundaries through which flow is directed into the anatomy of the three-
dimensional model, such as at an end of the aorta near the aortic root (e.g., end A
shown in Fig. 16). Each inflow boundary 322 may be assigned, e.g., with a
prescribed value or field for velocity, flow rate, pressure, or other characteristic, by
coupling a heart model and/or a lumped parameter model to the boundary, etc. The
outflow boundaries 324 may include the boundaries through which flow is directed
outward from the anatomy of the three-dimensional model, such as at an end of the
aorta near the aortic arch (e.g., end B shown in Fig. 16), and the downstream ends
of the main coronary arteries and the branches that extend therefrom (e.g., ends a-
m shown in Fig. 16). Each outflow boundary can be assigned, e.g., by coupling a
lumped parameter or distributed (e.g., a one-dimensional wave propagation) model,
as will be described in detail below. The prescribed values for the inflow and/or
outflow boundary conditions may be determined by noninvasively measuring
physiologic characteristics of the patient, such as, but not limited to, cardiac output
(the volume of blood flow from the heart), blood pressure, myocardial mass, etc. The
vessel wall boundaries may include the physical boundaries of the aorta, the main
coronary arteries, and/or other coronary arteries or vessels of the three-dimensional
model 10.
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[091]  The computational analysis may be performed using the prepared
three-dimensional model and the determined boundary conditions (step 400) to
determine blood flow information for the patient. For example, the computational
analysis may be performed with the equations 30 and using the computer 40
described above in connection with Fig. 1 to produce the images described above in
connection with Fig. 1, such as the simulated blood pressure model 50, the
simulated blood flow model 52, and/or the cFFR model 54.

[092]) The method may also include providing patient-specific treatment
options using the results (step 500). For example, the three-dimensional model 10
created in step 200 and/or the boundary conditions assigned in step 300 may be
adjusted to model one or more treatments, e.g., placing a coronary stent in one of
the coronary arteries represented in the three-dimensional model 10 or other
treatment options. Then, the computational analysis may be performed as described
above in step 400 in order to produce new images, such as updated versions of the
blood pressure model 50, the blood flow model 52, and/or the cFFR model 54.
These new images may be used to determine a change in blood flow velocity and

pressure if the treatment option(s) are adopted.

[093] The systems and methods disclosed herein may be incorporated
into a software tool accessed by physicians to provide a noninvasive means to
quantify blood flow in the coronary arteries and to assess the functional significance
of coronary artery disease. In addition, physicians may use the software tool to
predict the effect of medical, interventional, and/or surgical treatments on coronary
artery blood flow. The software tool may prevent, diagnose, manage, and/or treat
disease in other portions of the cardiovascular system including arteries of the neck
(e.g., carotid arteries), arteries in the head (e.g., cerebral arteries), arteries in the
thorax, arteries in the abdomen (e.g., the abdominal aorta and its branches), arteries
in the arms, or arteries in the legs (e.g., the femoral and popliteal arteries). The
software tool may be interactive to enable physicians to develop optimal

personalized therapies for patients.

[094] For example, the software tool may be incorporated at least partially
into a computer system, e.g., the computer 40 shown in Fig. 1 used by a physician
or other user. The computer system may receive data obtained noninvasively from
the patient (e.g., data used to create the three-dimensional model 10, data used to
apply boundary conditions or perform the computational analysis, etc.). For
example, the data may be input by the physician or may be received from another

source capable of accessing and providing such data, such as a radiology or other
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medical lab. The data may be transmitted via a network or other system for
communicating the data, or directly into the computer system. The software tool may
use the data to produce and display the three-dimensional model 10 or other
models/meshes and/or any simulations or other results determined by solving the
equations 30 described above in connection with Fig. 1, such as the simulated blood
pressure model 50, the simulated blood flow model 52, and/or the cFFR model 54.
Thus, the software tool may perform steps 100-500. In step 500, the physician may
provide further inputs to the computer system to select possible treatment options,
and the computer system may display to the physician new simulations based on
the selected possible treatment options. Further, each of steps 100-500 shown in

Fig. 2 may be performed using separate software packages or modules.

[095] Alternatively, the software tool may be provided as part of a web-
based service or other service, e.g., a service provided by an entity that is separate
from the physician. The service provider may, for example, operate the web-based
service and may provide a web portal or other web-based application (e.g., run on a
server or other computer system operated by the service provider) that is accessible
to physicians or other users via a network or other methods of communicating data
between computer systems. For example, the data obtained noninvasively from the
patient may be provided to the service provider, and the service provider may use
the data to produce the three-dimensional model 10 or other models/meshes and/or
any simulations or other results determined by solving the equations 30 described
above in connection with Fig. 1, such as the simulated blood pressure model 50, the
simulated blood flow model 52, and/or the cFFR model 54. Then, the web-based
service may transmit information relating to the three-dimensional model 10 or other
models/meshes and/or the simulations so that the three-dimensional model 10
and/or the simulations may be displayed to the physician on the physician's
computer system. Thus, the web-based service may perform steps 100-500 and any
other steps described below for providing patient-specific information. In step 500,
the physician may provide further inputs, e.g., to select possible treatment options or
make other adjustments to the computational analysis, and the inputs may be
transmitted to the computer system operated by the service provider (e.g., via the
web portal). The web-based service may produce new simulations or other results
based on the selected possible treatment options, and may communicate
information relating to the new simulations back to the physician so that the new

simulations may be displayed to the physician.

[096] Itis to be understood that one or more of the steps described herein

may be performed by one or more human operators (e.g., a cardiologist or other
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physician, the patient, an employee of the service provider providing the web-based
service or other service provided by a third party, other user, etc.), or one or more
computer systems used by such human operator(s), such as a desktop or portable
computer, a workstation, a server, a personal digital assistant, etc. The computer

system(s) may be connected via a network or other method of communicating data.

[097] Fig. 3 shows further aspects of the exemplary method for providing
various information relating to blood flow in a specific patient. The aspects shown in
Fig. 3 may be incorporated into the software tool that may be incorporated at least

partially into a computer system and/or as part of a web-based service.

Il. Obtaining and Preprocessing Patient-Specific Anatomical Data

[098] As described above in connection with step 100 shown in Fig. 2, the
exemplary method may include obtaining patient-specific anatomical data, such as
information regarding the patient's heart, and preprocessing the data. In an

exemplary embodiment, step 100 may include the following steps.

[099] Initially, a patient may be selected. For example, the patient may be
selected by the physician when the physician determines that information about the
patient's coronary blood flow is desired, e.g., if the patient is experiencing symptoms

associated with coronary artery disease, such as chest pain, heart attack, etc.

[0100] Patient-specific anatomical data may be obtained, such as data
regarding the geometry of the patient's heart, e.g., at least a portion of the patient's
aorta, a proximal portion of the main coronary arteries (and the branches extending
therefrom) connected to the aorta, and the myocardium. The patient-specific
anatomical data may be obtained noninvasively, e.g., using a noninvasive imaging
method. For example, CCTA is an imaging method in which a user may operate a
computer tomography (CT) scanner to view and create images of structures, e.g.,
the myocardium, the aorta, the main coronary arteries, and other blood vessels
connected thereto. The CCTA data may be time-varying, e.g., to show changes in
vessel shape over a cardiac cycle. CCTA may be used to produce an image of the
patient's heart. For example, 64-slice CCTA data may be obtained, e.g., data
relating to 64 slices of the patient's heart, and assembled into a three-dimensional
image. Fig. 4 shows an example of a three-dimensional image 120 produced by the
64-slice CCTA data.

[0101] Alternatively, other noninvasive imaging methods, such as magnetic

resonance imaging (MRI) or ultrasound (US), or invasive imaging methods, such as

23



22 Nov 2018

2018267637

digital subtraction angiography (DSA), may be used to produce images of the
structures of the patient's anatomy. The imaging methods may involve injecting the
patient intravenously with a contrast agent to enable identification of the structures
of the anatomy. The resulting imaging data (e.g., provided by CCTA, MRI, etc.) may
be provided by a third-party vendor, such as a radiology lab or a cardiologist, by the

patient's physician, etc.

[0102] Other patient-specific anatomical data may also be determined from
the patient noninvasively. For example, physiological data such as the patient's
blood pressure, baseline heart rate, height, weight, hematocrit, stroke volume, etc.,
may be measured. The blood pressure may be the blood pressure in the patient's
brachial artery (e.g., using a pressure cuff), such as the maximum (systolic) and

minimum (diastolic) pressures.

[0103] The patient-specific anatomical data obtained as described above
may be transferred over a secure communication line (e.g., via a network). For
example, the data may be transferred to a server or other computer system for
performing the computational analysis, e.g., the computational analysis described
above in step 400. In an exemplary embodiment, the data may be transferred to a
server or other computer system operated by a service provider providing a web-
based service. Alternatively, the data may be transferred to a computer system

operated by the patient's physician or other user.

[0104] Referring back to Fig. 3, the transferred data may be reviewed to
determine if the data is acceptable (step 102). The determination may be performed
by the user and/or by the computer system. For example, the transferred data (e.g.,
the CCTA data and other data) may be verified by a user and/or by the computer
system, e.g., to determine if the CCTA data is complete (e.g., includes sufficient
portions of the aorta and the main coronary arteries) and corresponds to the correct

patient.

[0105] The transferred data (e.g., the CCTA data and other data) may also
be preprocessed and assessed. The preprocessing and/or assessment may be
performed by a user and/or by the computer system and may include, e.g., checking
for misregistration, inconsistencies, or blurring in the CCTA data, checking for stents
shown in the CCTA data, checking for other artifacts that may prevent the visibility of
lumens of the blood vessels, checking for sufficient contrast between the structures
(e.g., the aorta, the main coronary arteries, and other blood vessels) and the other

portions of the patient, etc.
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[0106] The transferred data may be evaluated to determine if the data is
acceptable based on the verification, preprocessing, and/or assessment described
above. During the verification, preprocessing, and/or assessment described above,
the user and/or computer system may be able to correct certain errors or problems
with the data. If, however, there are too many errors or problems, then the data may
be determined to be unacceptable, and the user and/or computer system may

generate a rejection report explaining the errors or problems necessitating the

rejection of the transferred data. Optionally, a new CCTA scan may be
performed and/or the physiological data described above may be measured from
the patient again. If the transferred data is determined to be acceptable, then the

method may proceed to step 202 described below.

[0107] Accordingly, step 102 shown in Fig. 3 and described above may be

considered as a substep of step 100 of Fig. 2.

Ill. Creating The Three-Dimensional Model Based On Obtained Anatomical

Data

[0108] As described above in connection with step 200 shown in Fig. 2, the
exemplary method may include creating the three-dimensional model based on the
obtained anatomical data. In an exemplary embodiment, step 200 may include the

following steps.

[0109] Using the CCTA data, a three-dimensional model of the coronary
vessels may be generated. Fig. 5 shows an example of the surface of a three-
dimensional model 220 generated using the CCTA data. For example, the model
220 may include, e.g., at least a portion of the aorta, at least a proximal portion of
one or more main coronary arteries connected to that portion of the aorta, at least a
proximal portion of one or more branches connected to the main coronary arteries,
etc. The modeled portions of the aorta, the main coronary arteries, and/or the
branches may be interconnected and treelike such that no portion is disconnected
from the rest of the model 220. The process of forming the model 220 is called

segmentation.

[0110] Referring back to Fig. 3, the computer system may automatically
segment at least a portion of the aorta (step 202) and the myocardium (or other
heart tissue, or other tissue connected to the arteries to be modeled) (step 204). The
computer system may also segment at least a portion of the main coronary arteries

connected to the aorta. In an exemplary embodiment, the computer system may
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allow the user to select one or more coronary artery root or starting points (step 206)

in order to segment the main coronary arteries.

[0111] Segmentation may be performed using various methods.
Segmentation may be performed automatically by the computer system based on
user inputs or without user inputs. For example, in an exemplary embodiment, the
user may provide inputs to the computer system in order to generate a first initial
model. For example, the computer system may display to the user the three-
dimensional image 120 (Fig. 4) or slices thereof produced from the CCTA data. The
three-dimensional image 120 may include portions of varying intensity of lightness.
For example, lighter areas may indicate the lumens of the aorta, the main coronary
arteries, and/or the branches. Darker areas may indicate the myocardium and other

tissue of the patient's heart.

[0112] Fig. 6 shows a portion of a slice 222 of the three-dimensional image
120 that may be displayed to the user, and the slice 222 may include an area 224 of
relative lightness. The computer system may allow the user to select the area 224 of
relative lightness by adding one or more seeds 226, and the seeds 226 may serve
as coronary artery root or starting points for segmenting the main coronary arteries.
At the command of the user, the computer system may then use the seeds 226 as
starting points to form the first initial model. The user may add seeds 226 in one or
more of the aorta and/or the individual main coronary arteries. Optionally, the user
may also add seeds 226 in one or more of the branches connected to the main
coronary arteries. Alternatively, the computer system may place the seeds
automatically, e.g., using extracted centerline information. The computer system
may determine an intensity value of the image 120 where the seeds 226 have been
placed and may form the first initial model by expanding the seeds 226 along the
portions of the image 120 having the same intensity value (or within a range or
threshold of intensity values centered at the selected intensity value). Thus, this

method of segmentation may be called "threshold-based segmentation.”

[0113] Fig. 7 shows a portion 230 of the first initial model that is formed by
expanding the seeds 226 of Fig. 6. Accordingly, the user inputs the seeds 226 as
starting points for the computer system to begin forming the first initial model. This
process may be repeated until the entire portions of interest, e.g., the portions of the
aorta and/or the main coronary arteries, are segmented. Alternatively, the first initial

model may be generated by the computer system without user inputs.

[0114] Alternatively, segmentation may be performed using a method

called "edge-based segmentation." In an exemplary embodiment, both the
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threshold-based and edge-based segmentation methods may be performed, as will

be described below, to form the model 220.

[0115] A second initial model may be formed using the edge-based
segmentation method. With this method, the lumen edges of the aorta and/or the
main coronary arteries may be located. For example, in an exemplary embodiment,
the user may provide inputs to the computer system, e.g., the seeds 226 as
described above, in order to generate the second initial model. The computer
system may expand the seeds 226 along the portions of the image 120 until the
edges are reached. The lumen edges may be located, e.g., by the user visually,
and/or by the computer system (e.g., at locations where there is a change in
intensity value above a set threshold). The edge-based segmentation method may

be performed by the computer system and/or the user.

[0116] The myocardium or other tissue may also be segmented based on
the CCTA data in step 204. For example, the CCTA data may be analyzed to
determine the location of the internal and external surfaces of the myocardium, e.g.,
the left and/or right ventricles. The locations of the surfaces may be determined
based on the contrast (e.g., relative darkness and lightness) of the myocardium
compared to other structures of the heart in the CCTA data. Thus, the geometry of

the myocardium may be determined.

[0117] The segmentation of the aorta, the myocardium, and/or the main
coronary arteries may be reviewed and/or corrected, if necessary (step 208). The
review and/or correction may be performed by the computer system and/or the user.
For example, in an exemplary embodiment, the computer system may automatically
review the segmentation, and the user may manually correct the segmentation if
there are any errors, e.g., if any portions of the aorta, the myocardium, and/or the

main coronary arteries in the model 220 are missing or inaccurate.

[0118] For example, the first and second initial models described above
may be compared to ensure that the segmentation of the aorta and/or the main
coronary arteries is accurate. Any areas of discrepancy between the first and
second initial models may be compared to correct the segmentation and to form the
model 220. For example, the model 220 may be an average between the first and
second initial models. Alternatively, only one of the segmentation methods
described above may be performed, and the initial model formed by that method

may be used as the model 220.

[0119] The myocardial mass may be calculated (step 240). The calculation

may be performed by the computer system. For example, the myocardial volume
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may be calculated based on the locations of the surfaces of the myocardium
determined as described above, and the calculated myocardial volume may be
multiplied by the density of the myocardium to calculate the myocardial mass. The

density of the myocardium may be preset.

[0120] The centerlines of the various vessels (e.g., the aorta, the main
coronary arteries, etc.) of the model 220 (Fig. 5) may be determined (step 242). In
an exemplary embodiment, the determination may be performed automatically by

the computer system.

[0121] The centerlines determined in step 242 may be reviewed and/or
corrected, if necessary (step 244). The review and/or correction may be performed
by the computer system and/or the user. For example, in an exemplary
embodiment, the computer system may automatically review the centerlines, and
the user may manually correct the centerlines if there are any errors, e.g., if any

centerlines are missing or inaccurate.

[0122] Calcium or plaque (causing narrowing of a vessel) may be detected
(step 246). In an exemplary embodiment, the computer system may automatically
detect the plaque. For example, the plaque may be detected in the three-
dimensional image 120 and removed from the model 220. The plaque may be
identified in the three-dimensional image 120 since the plaque appears as areas
that are even lighter than the lumens of the aorta, the main coronary arteries, and/or
the branches. Thus, the plaque may be detected by the computer system as having
an intensity value below a set value or may be detected visually by the user. After
detecting the plaque, the computer system may remove the plaque from the model
220 so that the plaque is not considered as part of the lumen or open space in the
vessels. Alternatively, the computer system may indicate the plaque on the model
220 using a different color, shading, or other visual indicator than the aorta, the main

coronary arteries, and/or the branches.

[0123] The computer system may also automatically segment the detected
plaque (step 248). For example, the plaque may be segmented based on the CCTA
data. The CCTA data may be analyzed to locate the plaque (or a surface thereof)
based on the contrast (e.g., relative darkness and lightness) of the plaque compared
to other structures of the heart in the CCTA data. Thus, the geometry of the plaque

may also be determined.

[0124] The segmentation of the plaque may be reviewed and/or corrected,
if necessary (step 250). The review and/or correction may be performed by the

computer system and/or the user. For example, in an exemplary embodiment, the
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computer system may automatically review the segmentation, and the user may
manually correct the segmentation if there are any errors, e.g., if any plaque is

missing or shown inaccurately.

[0125] The computer system may automatically segment the branches
connected to the main coronary arteries (step 252). For example, the branches may
be segmented using similar methods for segmenting the main coronary arteries,
e.g., as shown in Figs. 6 and 7 and described above in connection with step 206.
The computer system may also automatically segment the plaque in the segmented
branches using similar methods as described above in connection with steps 248
and 250. Alternatively, the branches (and any plaque contained therein) may be

segmented at the same time as the main coronary arteries (e.g., in step 206).

[0126] The segmentation of the branches may be reviewed and/or
corrected, if necessary (step 254). The review and/or correction may be performed
by the computer system and/or the user. For example, in an exemplary
embodiment, the computer system may automatically review the segmentation, and
the user may manually correct the segmentation if there are any errors, e.g., if any

portions of the branches in the model 220 are missing or inaccurate.

[0127] The model 220 may be corrected if any misregistration, stents, or
other artifacts are located (e.g., during the review of the CCTA data in step 102)
(step 256). The correction may be performed by a user and/or by the computer
system. For example, if a misregistration or other artifact (e.g., inconsistency,
blurring, an artifact affecting lumen visibility, etc.) is located, the model 220 may be
reviewed and/or corrected to avoid an artificial or false change in the cross-sectional
area of a vessel (e.g., an artificial narrowing). If a stent is located, the model 220
may be reviewed and/or corrected to indicate the location of the stent and/or to
correct the cross-sectional area of the vessel where the stent is located, e.g., based

on the size of the stent.

[0128] The segmentation of the model 220 may also be independently
reviewed (step 258). The review may be performed by a user and/or by the
computer system. For example, the user and/or computer system may be able to
identify certain errors with the model 220, such as correctable errors and/or errors
that may require the model 220 to be at least partially redone or resegmented. If
such errors are identified, then the segmentation may be determined to be
unacceptable, and certain steps, e.g., one or more of steps 202-208, 240-256,

depending on the error(s), may be repeated.
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[0129] If the segmentation of the model 220 is independently verified as
acceptable, then, optionally, the model 220 may be output and smoothed (step 260).
The smoothing may be performed by the user and/or by the computer system. For
example, ridges, points, or other discontinuous portions may be smoothed. The
model 220 may be output to a separate software module to be prepared for

computational analysis, etc.

[0130] Accordingly, steps 202-208 and 240-260 shown in Fig. 3 and

described above may be considered as substeps of step 200 of Fig. 2.

IV. Preparing The Model For Analysis and Determining Boundary Conditions

[0131] As described above in connection with step 300 shown in Fig. 2, the
exemplary method may include preparing the model for analysis and determining
boundary conditions. In an exemplary embodiment, step 300 may include the

following steps.

A. Preparing the Model For Analysis

[0132] Referring back to Fig. 3, the cross-sectional areas of the various
vessels (e.g., the aorta, the main coronary arteries, and/or the branches) of the
model 220 (Fig. 5) may also be determined (step 304). In an exemplary

embodiment, the determination may be performed by the computer system.

[0133] The model 220 (Fig. 5) may be trimmed (step 306) and a solid
model may be generated. Fig. 8 shows an example of the trimmed solid model 320
prepared based on a model similar to the model 220 shown in Fig. 5. The solid
model 320 is a three-dimensional patient-specific geometric model. In an exemplary
embodiment, the trimming may be performed by the computer system, with or
without a user's input. Each of the inflow boundaries 322 and outflow boundaries
324 may be trimmed such that the surface forming the respective boundary is
perpendicular to the centerlines determined in step 242. The inflow boundaries 322
may include the boundaries through which flow is directed into the anatomy of the
model 320, such as at an upstream end of the aorta, as shown in Fig. 8. The outflow
boundaries 324 may include the boundaries through which flow is directed outward
from the anatomy of the model 320, such as at a downstream end of the aorta and

the downstream ends of the main coronary arteries and/or branches.
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B. Determining Boundary Conditions

[0134] Boundary conditions may be provided to describe what is occurring
at the boundaries of the model, e.g., the three-dimensional solid model 320 of Fig. 8.
For example, the boundary conditions may relate to at least one blood flow
characteristic associated with the patient's modeled anatomy, e.g., at the
boundaries of the modeled anatomy, and the blood flow characteristic(s) may
include blood flow velocity, pressure, flow rate, FFR, etc. By appropriately
determining the boundary conditions, a computational analysis may be performed to
determine information at various locations within the model. Examples of boundary
conditions and methods for determining such boundary conditions will now be

described.

[0135] In an exemplary embodiment, the determined boundary conditions
may simplify the structures upstream and downstream from the portions of the
vessels represented by the solid model 320 into a one- or two-dimensional reduced
order model. An exemplary set of equations and other details for determining the
boundary conditions are disclosed, for example, in U.S. Patent Application
Publication No. 2010/0241404 and U.S. Provisional Application No. 61/210,401,
which are both entitled "Patient-Specific Hemodynamics of the Cardiovascular

System" and hereby incorporated by reference in their entirety.

[0136] Boundary conditions may vary depending on the physiological
condition of the patient since blood flow though the heart may differ depending on
the physiological condition of the patient. For example, FFR is typically measured
under the physiological condition of hyperemia, which generally occurs when the
patient is experiencing increased blood flow in the heart, e.g., due to stress, etc. The
FFR is the ratio of the coronary pressure to aortic pressure under conditions of
maximum stress. Hyperemia may also be induced pharmacologically, e.g., with
adenosine. Figs. 9-11 show examples of a calculated FFR (cFFR) model that
indicates the change in the ratio of coronary pressure to aortic pressure in the model
320, depending on the physiological condition of the patient (at rest, under
maximum hyperemia, or under maximum exercise). Fig. 9 shows minimal variation
in the ratio of coronary pressure to aortic pressure throughout the model 320 when
the patient is at rest. Fig. 10 shows greater variation in the ratio of coronary pressure
to aortic pressure throughout the model 320 when the patient is undergoing
maximum hyperemia. Fig. 11 shows even greater variation in the ratio of coronary
pressure to aortic pressure throughout the model 320 when the patient is

undergoing maximum exercise.
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[0137] Referring back to Fig. 3, boundary conditions for hyperemia
conditions may be determined (step 310). In an exemplary embodiment, the effect of
adenosine may be modeled using a decrease in coronary artery resistance by a
factor of 1-5 fold, a decrease in aortic blood pressure of approximately 0-20%, and
an increase in heart rate of approximately 0-20%. For example, the effect of
adenosine may be modeled using a decrease in coronary artery resistance by a
factor of 4 fold, a decrease in aortic blood pressure of approximately 10%, and an
increase in heart rate of approximately 10%. Although the boundary conditions for
hyperemia conditions are determined in the exemplary embodiment, it is understood
that boundary conditions for other physiological states, such as rest, varying
degrees of hyperemia, varying degrees of exercise, exertion, stress, or other

conditions, may be determined.

[0138] Boundary conditions provide information about the three-
dimensional solid model 320 at its boundaries, e.g., the inflow boundaries 322, the
outflow boundaries 324, vessel wall boundaries 326, etc., as shown in Fig. 8. The
vessel wall boundaries 326 may include the physical boundaries of the aorta, the

main coronary arteries, and/or other coronary arteries or vessels of the model 320.

[0139] Each inflow or outflow boundary 322, 324 may be assigned a
prescribed value or field of values for velocity, flow rate, pressure, or other blood
flow characteristic. Alternatively, each inflow or outflow boundary 322, 324 may be
assigned by coupling a heart model to the boundary, a lumped parameter or
distributed (e.g. one-dimensional wave propagation) model, another type of one- or
two-dimensional model, or other type of model. The specific boundary conditions
may be determined based on, e.g., the geometry of the inflow or outflow boundaries
322, 324 determined from the obtained patient-specific information, or other
measured parameters, such as cardiac output, blood pressure, the myocardial mass

calculated in step 240, etc.

i. Determining Reduced Order Models

[0140] The upstream and downstream structures connected to the solid
model 320 may be represented as reduced order models representing the upstream
and downstream structures. For example, Figs. 12-15 show aspects of a method for
preparing a lumped parameter model from three-dimensional patient-specific
anatomical data at one of the outflow boundaries 324, according to an exemplary
embodiment. The method may be performed separately from and prior to the

methods shown in Figs. 2 and 3.

32



22 Nov 2018

2018267637

[0141] Fig. 12 shows a portion 330 of the solid model 320 of one of the
main coronary arteries or the branches extending therefrom, and Fig. 13 shows the

portion of the centerlines determined in step 242 of the portion 330 shown in Fig. 12.

[0142] The portion 330 may be divided into segments 332. Fig. 14 shows
an example of the segments 332 that may be formed from the portion 330. The
selection of the lengths of the segments 332 may be performed by the user and/or
the computer system. The segments 332 may vary in length, depending, for
example, on the geometry of the segments 332. Various techniques may be used to
segment the portion 330. For example, diseased portions, e.g., portions with a
relatively narrow cross-section, a lesion, and/or a stenosis (an abnormal narrowing
in a blood vessel), may be provided in one or more separate segments 332. The
diseased portions and stenoses may be identified, e.g., by measuring the cross-
sectional area along the length of the centerline and calculating locally minimum

cross-sectional areas.

[0143] The segments 332 may be approximated by a circuit diagram
including one or more (linear or nonlinear) resistors 334 and/or other circuit
elements (e.g., capacitors, inductors, etc.). Fig. 15 shows an example of the
segments 332 replaced by a series of linear and nonlinear resistors 334. The
individual resistances of the resistors 334 may be determined, e.g., based on an

estimated flow and/or pressure across the corresponding segment 332.

[0144] The resistance may be constant, linear, or non-linear, e.g.,
depending on the estimated flow rate through the corresponding segment 332. For
more complex geometries, such as a stenosis, the resistance may vary with flow
rate. Resistances for various geometries may be determined based on a
computational analysis (e.g., a finite difference, finite volume, spectral, lattice
Boltzmann, particle-based, level set, isogeometric, or finite element method, or other
computational fluid dynamics (CFD) analytical technique), and multiple solutions
from the computational analysis performed under different flow and pressure
conditions may be used to derive patient-specific, vessel-specific, and/or lesion-
specific resistances. The results may be used to determine resistances for various
types of features and geometries of any segment that may be modeled. As a result,
deriving patient-specific, vessel-specific, and/or lesion-specific resistances as
described above may allow the computer system to recognize and evaluate more
complex geometry such as asymmetric stenosis, multiple lesions, lesions at

bifurcations and branches and tortuous vessels, etc.
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[0145] Capacitors may be also included, and capacitance may be
determined, e.g., based on elasticity of the vessel walls of the corresponding
segment. Inductors may be included, and inductance may be determined, e.g.,
based on inertial effects related to acceleration or deceleration of the blood volume

flowing through the corresponding segment.

[0146] The individual values for resistance, capacitance, inductance, and
other variables associated with other electrical components used in the lumped
parameter model may be derived based on data from many patients, and similar
vessel geometries may have similar values. Thus, empirical models may be
developed from a large population of patient-specific data, creating a library of
values corresponding to specific geometric features that may be applied to similar
patients in future analyses. Geometries may be matched between two different
vessel segments to automatically select the values for a segment 332 of a patient

from a previous simulation.

ii. Exemplary Lumped Parameter Models

[0147] Alternatively, instead of performing the steps described above in
connection with Figs. 12-15, the lumped parameter models may be preset. For
example, Fig. 16 shows examples of lumped parameter models 340, 350, 360
representing the upstream and downstream structures at the inflow and outflow
boundaries 322, 324 of the solid model 320. End A is located at the inflow boundary

322, and ends a-m and B are located at the outflow boundaries.

[0148] A lumped parameter heart model 340 may be used to determine the
boundary condition at the end A at the inflow boundary 322 of the solid model 320.
The lumped parameter heart model 340 may be used to represent blood flow from
the heart under hyperemia conditions. The lumped parameter heart model 340
includes various parameters (e.g., PLA, RAV, L.V, Rv-Art. LV-Al1, and E(t)) that
may be determined based on known information regarding the patient, e.g., an
aortic pressure, the patient's systolic and diastolic blood pressures (e.g., as
determined in step 100), the patient's cardiac output (the volume of blood flow from
the heart, e.g., calculated based on the patient's stroke volume and heart rate

determined in step 100), and/or constants determined experimentally.

[0149] A lumped parameter coronary model 350 may be used to determine
the boundary conditions at the ends a-m at the outflow boundaries 324 of the solid
model 320 located at the downstream ends of the main coronary arteries and/or the

branches that extend therefrom. The lumped parameter coronary model 350 may be
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used to represent blood flow exiting from the modeled vessels through the ends a-m
under hyperemia conditions. The lumped parameter coronary model 350 includes
various parameters (e.g., Ra, C,, Ra-micro, Cj,,, and Rv) that may be determined
based on known information regarding the patient, e.g., the calculated myocardial
mass (e.g., as determined in step 240) and terminal impedance at the ends a-m
(e.g., determined based on the cross-sectional areas of the vessels at the ends a-m

as determined in step 304).

[0150] For example, the calculated myocardial mass may be used to
estimate a baseline (resting) mean coronary flow through the plurality of outflow
boundaries 324. This relationship may be based on an experimentally-derived
physiological law (e.g., of the physiological laws 20 of Fig. 1) that correlates the
mean coronary flow Q with the myocardial mass M (e.g., as determined in step 240)
as Q oc QyM?, where a is a preset scaling exponent and Qq is a preset constant.
The total coronary flow Q at the outflow boundaries 324 under baseline (resting)
conditions and the patient's blood pressure (e.g., as determined in step 100) may
then be used to determine a total resistance R at the outflow boundaries 324 based

on a preset, experimentally-derived equation.

[01561] The total resistance R may be distributed among the ends a-m
based on the respective cross-sectional areas of the ends a-m (e.g., as determined
in step 304). This relationship may be based on an experimentally-derived
physiological law (e.g., of the physiological laws 20 of Fig. 1) that correlates the
respective resistance at the ends a-m as R, <* Rj (di” where Ri is the resistance to
flow at the i-th outlet, and Ri,o is a preset constant, d, is the diameter of that outlet,
and (3 is a preset power law exponent, e.g., between -3 and -2, -2.7 for coronary
flow, -2.9 for cerebral flow, etc. The coronary flow through the individual ends a-m
and the mean pressures at the individual ends a-m (e.g., determined based on the
individual cross-sectional areas of the ends a-m of the vessels as determined in step
304) may be used to determine a sum of the resistances of the lumped parameter
coronary model 350 at the corresponding ends a-m (e.g., Rs + Ry-micro + Rv). Other
parameters (e.g., R./Ra-micro, C,, Cin) may be constants determined

experimentally.

[01562] A Windkessel model 360 may be used to determine the boundary
condition at the end B at the outflow boundary 324 of the solid model 320 located at
the downstream end of the aorta toward the aortic arch. The Windkessel model 360
may be used to represent blood flow exiting from the modeled aorta through the end

B under hyperemia conditions. The Windkessel model 360 includes various

35



22 Nov 2018

2018267637

parameters (e.g., Ry, Rq, and C) that may be determined based on known
information regarding the patient, e.g., the patient's cardiac output described above
in connection with the lumped parameter heart model 340, the baseline mean
coronary flow described above in connection with the lumped parameter coronary
model 350, an aortic pressure (e.g., determined based on the cross-sectional area
of the aorta at the end B as determined in step 304), and/or constants determined

experimentally.

[0153] The boundary conditions, e.g., the lumped parameter models 340,
350, 360 (or any of the constants included therein) or other reduced order model,
may be adjusted based on other factors. For example, resistance values may be
adjusted (e.g., increased) if a patient has a lower flow to vessel size ratio due to a
comparatively diminished capacity to dilate vessels under physiologic stress.
Resistance values may also be adjusted if the patient has diabetes, is under

medication, has undergone past cardiac events, etc.

[0154] Alternate lumped parameter or distributed, one-dimensional network
models may be used to represent the coronary vessels downstream of the solid
model 320. Myocardial perfusion imaging using MRI, CT, PET, or SPECT may be
used to assign parameters for such models. Also, alternate imaging sources, e.g.,
magnetic resonance angiography (MRA), retrospective cine gating or prospective
cine gating computed tomography angiography (CTA), etc., may be used to assign
parameters for such models. Retrospective cine gating may be combined with
image processing methods to obtain ventricular chamber volume changes over the

cardiac cycle to assign parameters to a lumped parameter heart model.

[0155] Simplifying a portion of the patient's anatomy using the lumped
parameter models 340, 350, 360, or other reduced order one- or two-dimensional
model allows the computational analysis (e.g., step 402 of Fig. 3 described below) to
be performed more quickly, particularly if the computational analysis is performed
multiple times such as when evaluating possible treatment options (e.g., step 500 of
Fig. 2) in addition to the untreated state (e.g., step 400 of Figs. 2 and 3), while

maintaining high accuracy with the final results.

[0156] In an exemplary embodiment, the determination of the boundary
conditions may be performed by the computer system based on the user's inputs,

such as patient-specific physiological data obtained in step 100.
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C. Creating the Three-Dimensional Mesh

[0157] Referring back to Fig. 3, a three-dimensional mesh may be
generated based on the solid model 320 generated in step 306 (step 312). Figs. 17-
19 show an example of a three-dimensional mesh 380 prepared based on the solid
model 320 generated in step 306. The mesh 380 includes a plurality of nodes 382
(meshpoints or gridpoints) along the surfaces of the solid model 320 and throughout
the interior of the solid model 320. The mesh 380 may be created with tetrahedral
elements (having points that form the nodes 382), as shown in Figs. 18 and 19.
Alternatively, elements having other shapes may be used, e.g., hexahedrons or
other polyhedrons, curvilinear elements, etc. In an exemplary embodiment, the
number of nodes 382 may be in the millions, e.g., five to fifty million. The number of
nodes 382 increases as the mesh 380 becomes finer. With a higher number of
nodes 382, information may be provided at more points within the model 320, but
the computational analysis may take longer to run since a greater number of nodes
382 increases the number of equations (e.g., the equations 30 shown in Fig. 1) to be
solved. In an exemplary embodiment, the generation of the mesh 380 may be
performed by the computer system, with or without a user's input (e.g., specifying a

number of the nodes 382, the shapes of the elements, etc.).

[0158] Referring back to Fig. 3, the mesh 380 and the determined
boundary conditions may be verified (step 314). The verification may be performed
by a user and/or by the computer system. For example, the user and/or computer
system may be able to identify certain errors with the mesh 380 and/or the boundary
conditions that require the mesh 380 and/or the boundary conditions to be redone,
e.g., if the mesh 380 is distorted or does not have sufficient spatial resolution, if the
boundary conditions are not sufficient to perform the computational analysis, if the
resistances determined in step 310 appear to be incorrect, etc. If so, then the mesh
380 and/or the boundary conditions may be determined to be unacceptable, and
one or more of steps 304-314 may be repeated. If the mesh 380 and/or the
boundary conditions are determined to be acceptable, then the method may

proceed to step 402 described below.

[0159] In addition, the user may check that the obtained patient-specific
information, or other measured parameters, such as cardiac output, blood
pressures, height, weight, the myocardial mass calculate<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>