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7) ABSTRACT

The present application relates to systems and methods for
performing a computerized cardiac simulation for at least
one of diagnosis, risk assessment or treatment planning
including: receiving, by a computer, a plurality of three-
dimensional cardiac images of a subject’s heart such that
each three-dimensional cardiac image corresponds to a
different phase of a single cardiac cycle of the subject’s
heart; modeling structure, using the computer, of the left
atrium of the subject as a function of time using the plurality
of three-dimensional cardiac images of the subject’s heart;
modeling blood flow, using the computer, within, into and
out of the left atrium of the subject as a function of time
using computational fluidic dynamics and using structure of
said left atrium obtained from at least one of said plurality
of three-dimensional cardiac images or said modeling struc-
ture of said left atrium; simulating at least one of time
dependent structural function or time-dependent blood flow
of said left atrium using results from said modeling structure
and said modeling blood flow for a selected period of time;
and providing information to a user from said simulating for
use in at least one of diagnosis, risk assessment or treatment
planning for a physiological effect related to function of said
left atrium of the subject.
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PATIENT-SPECIFIC VIRTUAL
INTERVENTION LABORATORY TO
PREVENT STROKE

CROSS-REFERENCE OF RELATED
APPLICATION

[0001] This application claims priority to U.S. Provisional
Application No. 62/150,157, filed on Apr. 20, 2015 and U.S.
Provisional Application No. 62/258,353, filed on Nov. 20,
2015; the entire contents of each of which are hereby
incorporated by reference.

BACKGROUND

1. Field of Invention

[0002] The field of the currently claimed embodiments of
this invention relates to methods and systems for performing
a personalized blood flow analysis in a left atrium of a
subject.

2. Discussion of Related Art

[0003] Atrial fibrillation (AF) is the most common heart
rhythm disorder in human beings, and is an enormous public
health burden. AF currently impacts the lives of over 6
million Americans, and the prevalence is expected to
increase to 12 million by 2050. At 40 years of age, remaining
lifetime risks for AF are as high as 26%. Most importantly,
AF is associated with an increased risk of stroke. AF
accounts for one in four strokes in those aged 80 years or
older. AF is also associated with a five-fold increase in risk
of stroke, and accounts for 15% of all strokes in the U.S.
Stroke risk persists in patients with asymptomatic or sub-
clinical AF. Moreover, AF is associated with a two-fold
increased risk of dementia, and as high as 10% of AF
patients develop dementia over 5 years.

[0004] The current standard of care to reduce the risk of
stroke in patients with AF is oral anticoagulation (AC),
which is a blood thinner to prevent blood clot formation.
Since stroke actually occurs in only a minority of AF
patients, whereas AC-related bleeding risk markedly
increases with age, accurate assessment of stroke risk in
individual patients is of critical importance. The current
paradigm to estimate the risk of AF-related stroke is the
CHA2DS2-VASC scoring system based on age, sex and
comorbidities, and AC is recommended for those with a
CHA2DS2-VASC score of 2 or greater. However, as many
as 12% of those with a score of 0 or 1, who wouldn’t be
indicated for AC, can develop thrombi in the left atrial
appendage (LAA), which is the most common site of
intracardiac thrombus. In addition, as many as 14% of those
with a score of 1 can develop stroke over a five year period.
Furthermore, the CHA2DS2-VASC system is powerless
against subclinical AF, where stroke can be the first mani-
festation of AF. Recently, the patients with AF are just
beginning to have percutaneous options to reduce the risk of
stroke by occluding the LAA. At this point, the indication for
LAA closure devices is limited typically to patients who
cannot tolerate AC for a history or a risk of bleeding
complications. However, there is a possibility that a larger
number of patients would benefit from the LAA closure
rather than AC given the risk/benefit ratio. Finally, rhythm
control approaches including drugs and catheter ablation are
also available to reduce AF burden. However, at this point
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the impact of rhythm control approaches to the risk of
cerebrovascular events is unclear. Clearly, there is an urgent
need for an improved risk-stratification paradigm to guide
personalized therapy to prevent AF-related cerebrovascular
events.

SUMMARY

[0005] Some embodiments of the invention are directed
towards a method of performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, including: receiving, by a computer, a
plurality of three-dimensional cardiac images of a subject’s
heart such that each three-dimensional cardiac image cor-
responds to a different phase of a single cardiac cycle of the
subject’s heart; modeling structure, using the computer, of
the left atrium of the subject as a function of time using the
plurality of three-dimensional cardiac images of the sub-
ject’s heart; modeling blood flow, using the computer,
within, into and out of the left atrium of the subject as a
function of time using computational fluidic dynamics and
using structure of said left atrium obtained from at least one
of said plurality of three-dimensional cardiac images or said
modeling structure of said left atrium; simulating at least one
of time dependent structural function or time-dependent
blood flow of said left atrium using results from said
modeling structure and said modeling blood flow for a
selected period of time; and providing information to a user
from said simulating for use in at least one of diagnosis, risk
assessment or treatment planning for a physiological effect
related to function of said left atrium of said subject.
[0006] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, comprising a processor, wherein the
processor is configured to receive a plurality of three-
dimensional cardiac images of a subject’s heart such that
each three-dimensional cardiac image corresponds to a
different phase of a single cardiac cycle of the subject’s
heart, wherein the processor is configured to generate a
model structure of the left atrium of the subject as a function
of time using the plurality of three-dimensional cardiac
images of the subject’s heart, wherein the processor is
configured to generate a model of blood flow within, into
and out of the left atrium of the subject as a function of time
using computational fluidic dynamics and using structure of
the left atrium obtained from at least one of the plurality of
three-dimensional cardiac images or the model structure of
the left atrium, wherein the processor is configured to
generate a simulation of at least one of time dependent
structural function or time-dependent blood flow of the left
atrium using results from the model structure and the model
of blood flow for a selected period of time, and wherein the
processor is configured to provide information to a user from
the simulation for use in at least one of diagnosis, risk
assessment or treatment planning for a physiological effect
related to function of the left atrium of the subject.

[0007] Some embodiments of the invention are directed
towards a computer readable medium comprising a non-
transient computer readable program that upon execution by
a processor causes the processor to perform a computerized
cardiac simulation for at least one of diagnosis, risk assess-
ment or treatment planning, comprising: receiving, by a
computer, a plurality of three-dimensional cardiac images of
a subject’s heart such that each three-dimensional cardiac
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image corresponds to a different phase of a single cardiac
cycle of the subject’s heart; modeling structure, using the
computer, of the left atrium of the subject as a function of
time using the plurality of three-dimensional cardiac images
of the subject’s heart; modeling blood flow, using the
computer, within, into and out of the left atrium of the
subject as a function of time using computational fluidic
dynamics and using structure of the left atrium obtained
from at least one of the plurality of three-dimensional
cardiac images or the modeling structure of the left atrium;
simulating at least one of time dependent structural function
or time-dependent blood flow of the left atrium using results
from the modeling structure and the modeling blood flow for
a selected period of time; and providing information to a
user from the simulating for use in at least one of diagnosis,
risk assessment or treatment planning for a physiological
effect related to function of the left atrium of the subject.
[0008] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, including: a processor; and a noninva-
sive imaging modality in communication with the processor,
wherein the processor is configured to receive a plurality of
three-dimensional cardiac images of a subject’s heart such
that each three-dimensional cardiac image corresponds to a
different phase of a single cardiac cycle of the subject’s
heart, wherein the processor is configured to generate a
model structure of the left atrium of the subject as a function
of time using the plurality of three-dimensional cardiac
images of the subject’s heart, wherein the processor is
configured to generate a model of blood flow within, into
and out of the left atrium of the subject as a function of time
using computational fluidic dynamics and using structure of
the left atrium obtained from at least one of the plurality of
three-dimensional cardiac images or the model structure of
the left atrium, wherein the processor is configured to
generate a simulation of at least one of time dependent
structural function or time-dependent blood flow of the left
atrium using results from the model structure and the model
of blood flow for a selected period of time, and wherein the
processor is configured to provide information to a user from
the simulation for use in at least one of diagnosis, risk
assessment or treatment planning for a physiological effect
related to function of the left atrium of the subject.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Further objectives and advantages will become
apparent from a consideration of the description, drawings,
and examples.

[0010] FIG. 1A is a diagram of a system per an embodi-
ment of the invention; FIG. 1B is a schematic of a concep-
tual model of atrial fibrillation, atrial function and cerebro-
vascular events.

[0011] FIG. 2 is a schematic of patient enrollment.
[0012] FIG. 3A-3E are images and graphs showing Left
Atrium (LA) measurements by tissue-tracking Cardiac Mag-
netic resonance (CMR) in a patient without a stroke.
[0013] FIG. 4 shows graphs showing LA measurements by
tissue-tracking CMR in patients with and without stroke.
[0014] FIG. 5 shows a graph showing incremental value of
LA strain for diagnosis of stroke.

[0015] FIG. 6A is a model showing the geometry of left
atrium (LA) and the left atrial appendage (LAA) on anterior
view (left) and posterior view (right). Left superior and

May 3, 2018

inferior pulmonary arteries (LSPV and LIPV) and right
superior and inferior arteries (RSPV and RIPV) are also
shown; FIG. 6B is a graph showing a time course of left
ventricular volume change during the cardiac cycle.
[0016] FIG. 7 is a chart showing a time course of volume
change of left atrium (LA) and left atrial appendage (LAA)
during the cardiac cycle.

[0017] FIG. 8 is a model showing the streamlines of blood
flow in a representative cardiac cycle in the anterior view of
the LA.

[0018] FIG. 9 is a schematic of workflow of personalized
blood flow analysis in the left atrium.

[0019] FIGS. 10A and 10B are schematics of Patient-
specific left atrial geometry. The geometry of the left atrium
(LA) and the left atrial appendage (LAA) represents 0% RR
in both case 1 (FIG. 10A, top row) and case 2 (FIG. 10B,
bot-tom row). The X, Y and Z axes indicate the coronal,
axial, sagittal axes, respectively.

[0020] FIG. 11 shows graphs showing a time course of left
ventricular volume change (a) and volume changes of left
atrium (LA, solid line) and left atrial appendage (LAA,
dashed line) (b) during the cardiac cycle. The left column
(a-1, b-1) show case 1 and the right column (a-2, b-2) show
case 2. Arrows in the top row (a) indicate the duration of
systole and diastole; arrows in the bottom row (b) indicate
the duration of each phase of LA function (reservoir, conduit
and booster pump).

[0021] FIG. 12A shows TEE images of the left atrial
appendage (LAA) (90° angle). The arrow shows the sam-
pling point of the velocity magnitude measurements along
the dashed line from bottom to top of the image; FIG. 12B
shows a graph of a time course of flow velocity magnitude
by pulsed-Doppler TEE tracing; FIG. 12C shows a sche-
matic of corresponding sampling point and direction along
which to measure the flow velocity magnitude in the CFD
results; FIG. 12D shows a graph showing a time course of
flow velocity magnitude from the CFD results.

[0022] FIG. 13 shows models showing streamlines of
blood flow during a representative cardiac cycle in the
posterior view. Top row shows case 1; Bottom row shows
case 2.

[0023] FIG. 14 shows models showing vortex structures
during a representative cardiac cycle in the anterior view.
Top row shows case 1 (q2=800); Bottom row shows case 2
(q2=200).

[0024] FIG. 15 is a graph showing a time course of left
atrial appendage kinetic energy. The top line indicates case
1 and the bottom line indicates case 2. Arrows indicate each
phase of LA function (reservoir, conduit and booster pump)
in the respective cases.

[0025] FIGS. 16A and 16B are a model and graph, respec-
tively, showing left atrial appendage (LAA) blood emptying
during the last three cardiac cycles (beat 1-3).

[0026] FIG. 17 is a graph showing a time course of left
atrial appendage kinetic energy.

[0027] FIG. 18 is a graph showing a time course of
residual fraction.

[0028] FIG. 19 is a graph showing Time course of flow
velocity magnitude in the left atrial appendage (LAA).
[0029] FIG. 20 is a schematic showing personalized Blood
Flow Analysis in the Left Atrium. (Top) Streamlines of
blood flow velocity over one heart beat (posterior view).
(Bottom) Left atrial appendage blood emptying over three
heart beats (anterior view).
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DETAILED DESCRIPTION

[0030] Some embodiments of the current invention are
discussed in detail below. In describing embodiments, spe-
cific terminology is employed for the sake of clarity. How-
ever, the invention is not intended to be limited to the
specific terminology so selected. A person skilled in the
relevant art will recognize that other equivalent components
can be employed and other methods developed without
departing from the broad concepts of the current invention.
All references cited anywhere in this specification, including
the Background and Detailed Description sections, are
incorporated by reference as if each had been individually
incorporated.

[0031] The term “subject” refer to a particular person or
animal, i.e., an individual, and not a generic, standard or
idealized person or individual. In other words, the simula-
tions are personalized.

[0032] A computing device may perform certain functions
in response to processor executing software instructions
contained in a computer-readable medium, such as a
memory. In alternative embodiments, hardwired circuitry
may be used in place of or in combination with software
instructions to implement features consistent with principles
of the disclosure. Thus, implementations consistent with
principles of the disclosure are not limited to any specific
combination of hardware circuitry and software.

[0033] Exemplary embodiments may be embodied in
many different ways as a software component. For example,
it may be a stand-alone software package, a combination of
software packages, or it may be a software package incor-
porated as a “tool” in a larger software product. It may be
downloadable from a network, for example, a website, as a
stand-alone product or as an add-in package for installation
in an existing software application. It may also be available
as a client-server software application, or as a web-enabled
software application. It may also be embodied as a software
package installed on a hardware device such as a CT or MRI
scanner, for example.

[0034] Recent evidence suggests that left atrial (LA) dys-
function may be mechanistically contributing to cerebrovas-
cular events in patients with atrial fibrillation (AF). Some
embodiments of the instant invention relate to methods and
systems for performing a personalized blood flow analysis in
a left atrium of a subject. Other embodiments of the instant
invention evaluate the association between regional LA
function and a prior history of stroke during sinus rhythm in
patients referred for catheter ablation of AF.

[0035] Some embodiments of the invention are directed
towards a method of performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, including: receiving, by a computer, a
plurality of three-dimensional cardiac images of a subject’s
heart such that each three-dimensional cardiac image cor-
responds to a different phase of a single cardiac cycle of the
subject’s heart; modeling structure, using the computer, of
the left atrium of the subject as a function of time using the
plurality of three-dimensional cardiac images of the sub-
ject’s heart; modeling blood flow, using the computer,
within, into and out of the left atrium of the subject as a
function of time using computational fluidic dynamics and
using structure of said left atrium obtained from at least one
of said plurality of three-dimensional cardiac images or said
modeling structure of said left atrium; simulating at least one
of time dependent structural function or time-dependent
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blood flow of said left atrium using results from said
modeling structure and said modeling blood flow for a
selected period of time; and providing information to a user
from said simulating for use in at least one of diagnosis, risk
assessment or treatment planning for a physiological effect
related to function of said left atrium of said subject.
[0036] Some embodiments of the invention are directed
towards a method of performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, including obtaining a plurality of three-
dimensional cardiac images of a subject’s heart from a
noninvasive imaging modality.

[0037] Some embodiments of the invention are directed
towards a method of performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, including obtaining a plurality of three-
dimensional cardiac images of a subject’s heart from at least
one of CT, MRI, PET, SPECT, or ultrasound imaging.
[0038] Some embodiments of the invention are directed
towards a method of performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, including obtaining a plurality of three-
dimensional cardiac images of a subject’s heart from at least
five three-dimensional cardiac images within a single car-
diac cycle.

[0039] Some embodiments of the invention are directed
towards a method of performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, including obtaining a plurality of three-
dimensional cardiac images of a subject’s heart from at least
twenty three-dimensional cardiac images within a single
cardiac cycle.

[0040] Some embodiments of the invention are directed
towards a method of performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, including providing information to a
user from a simulation wherein information provides infor-
mation for use in at least one of a diagnosis or risk
assessment for stroke or dementia.

[0041] Some embodiments of the invention are directed
towards a method of performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, including providing information in a
form of a three dimensional map. In some embodiments, this
three-dimensional map is a dynamic map that changes in
time in correspondence to the selected period of time of the
simulating.

[0042] Some embodiments of the invention are directed
towards a method of performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, including providing information on at
least one of a residual blood flow in the left atrium and/or a
left atrial appendage, shear rate on a left atrial wall, vortex
formation in the left atrium, blood flow across a mitral valve,
changes in volume of a left ventricle, blood flow in a
pulmonary vein, and blood flow across an aortic valve.
[0043] Some embodiments of the invention are directed
towards a method of performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, including modeling blood flow includ-
ing adding effects of one or more administered compound
designed to change a fluid property of the blood.

[0044] Some embodiments of the invention are directed
towards a method of performing a computerized cardiac
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simulation for at least one of diagnosis, risk assessment or
treatment planning, including modeling structure and mod-
eling blood flow, wherein at least one of the modeling
structure or the modeling blood flow includes adding effects
of at least one planned or actual treatment.

[0045] Some embodiments of the invention are directed
towards a method of performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, including modeling structure and mod-
eling blood flow, wherein at least one of the modeling
structure or the modeling blood flow includes adding effects
based on empirical data from the subject.

[0046] Some embodiments of the invention are directed
towards a method of performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, including acquiring a plurality of three-
dimensional cardiac images with a resolution of at least 2
mm

[0047] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, comprising a processor, wherein the
processor is configured to receive a plurality of three-
dimensional cardiac images of a subject’s heart such that
each three-dimensional cardiac image corresponds to a
different phase of a single cardiac cycle of the subject’s
heart, wherein the processor is configured to generate a
model structure of the left atrium of the subject as a function
of time using the plurality of three-dimensional cardiac
images of the subject’s heart, wherein the processor is
configured to generate a model of blood flow within, into
and out of the left atrium of the subject as a function of time
using computational fluidic dynamics and using structure of
the left atrium obtained from at least one of the plurality of
three-dimensional cardiac images or the model structure of
the left atrium, wherein the processor is configured to
generate a simulation of at least one of time dependent
structural function or time-dependent blood flow of the left
atrium using results from the model structure and the model
of blood flow for a selected period of time, and wherein the
processor is configured to provide information to a user from
the simulation for use in at least one of diagnosis, risk
assessment or treatment planning for a physiological effect
related to function of the left atrium of the subject.

[0048] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, comprising a processor and further
comprising a noninvasive imaging modality in communica-
tion with the processor.

[0049] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, comprising a processor and further
comprising an imaging system in communication with the
processor, wherein the imaging system is configured to
perform at least one of CT, MR1, PET, SPECT, or ultrasound
imaging.

[0050] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, comprising a processor, wherein the
processor is configured to receive a plurality of three-
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dimensional cardiac images of the subject’s heart of at least
five three-dimensional cardiac images within a single car-
diac cycle.

[0051] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, comprising a processor configured to
receive a plurality of three-dimensional cardiac images of
the subject’s heart of at least twenty three-dimensional
cardiac images within a single cardiac cycle.

[0052] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, comprising a processor, wherein the
processor is further configured to provide information to a
user for use in at least one of a diagnosis or risk assessment
for stroke or dementia.

[0053] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, comprising a processor, wherein the
processor is further configured to provide information to a
user from a simulation in a form of a three dimensional map.
In some embodiments, this three-dimensional map is a
dynamic map that changes in time in correspondence to a
selected period of time of a simulation.

[0054] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, comprising a processor, wherein the
processor is further configured to provide information to a
user including at least one of a residual blood flow in the left
atrium and/or a left atrial appendage, shear rate on a left
atrial wall, vortex formation in the left atrium, blood flow
across a mitral valve, changes in volume of a left ventricle,
blood flow in a pulmonary vein, and blood flow across an
aortic valve from the simulating.

[0055] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, comprising a processor, wherein the
processor is configured to generate a model of blood flow
including adding effects of one or more administered com-
pound designed to change a fluid property of blood.
[0056] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, comprising a processor, wherein the
processor is further configured to at least one of generate a
model structure including adding effects of at least one
planned or actual treatment or generate a model of blood
flow including adding effects of at least one planned or
actual treatment.

[0057] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, comprising a processor, wherein the
processor is further configured to at least one of generate a
modeling structure including adding effects based on empiri-
cal data from the subject or generate a model of blood flow
including adding effects based on empirical data from the
subject.

[0058] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
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simulation for at least one of diagnosis, risk assessment or
treatment planning, comprising a processor, wherein the
processor is further configured to receive a plurality of
three-dimensional cardiac images having a resolution of at
least 2 mm.

[0059] Some embodiments of the invention are directed
towards a computer readable medium comprising a non-
transient computer readable program that upon execution by
a processor causes the processor to perform a computerized
cardiac simulation for at least one of diagnosis, risk assess-
ment or treatment planning, comprising: receiving, by a
computer, a plurality of three-dimensional cardiac images of
a subject’s heart such that each three-dimensional cardiac
image corresponds to a different phase of a single cardiac
cycle of the subject’s heart; modeling structure, using the
computer, of the left atrium of the subject as a function of
time using the plurality of three-dimensional cardiac images
of the subject’s heart; modeling blood flow, using the
computer, within, into and out of the left atrium of the
subject as a function of time using computational fluidic
dynamics and using structure of the left atrium obtained
from at least one of the plurality of three-dimensional
cardiac images or the modeling structure of the left atrium;
simulating at least one of time dependent structural function
or time-dependent blood flow of the left atrium using results
from the modeling structure and the modeling blood flow for
a selected period of time; and providing information to a
user from the simulating for use in at least one of diagnosis,
risk assessment or treatment planning for a physiological
effect related to function of the left atrium of the subject.

[0060] Some embodiments of the invention are directed
towards a computer readable medium comprising a non-
transient computer readable program that upon execution by
a processor causes the processor to perform a computerized
cardiac simulation for at least one of diagnosis, risk assess-
ment or treatment planning, comprising receiving a plurality
of three-dimensional cardiac images of a subject’s heart
from a noninvasive imaging modality.

[0061] Some embodiments of the invention are directed
towards a computer readable medium comprising a non-
transient computer readable program that upon execution by
a processor causes the processor to perform a computerized
cardiac simulation for at least one of diagnosis, risk assess-
ment or treatment planning, comprising receiving a plurality
of three-dimensional cardiac images of a subject’s heart
from at least one of CT, MRI, PET, SPECT, or ultrasound
imaging.

[0062] Some embodiments of the invention are directed
towards a computer readable medium comprising a non-
transient computer readable program that upon execution by
a processor causes the processor to perform a computerized
cardiac simulation for at least one of diagnosis, risk assess-
ment or treatment planning, comprising receiving a plurality
of three-dimensional cardiac images of a subject’s heart
from at least five three-dimensional cardiac images within a
single cardiac cycle.

[0063] Some embodiments of the invention are directed
towards a computer readable medium comprising a non-
transient computer readable program that upon execution by
a processor causes the processor to perform a computerized
cardiac simulation for at least one of diagnosis, risk assess-
ment or treatment planning, comprising receiving a plurality
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of three-dimensional cardiac images of a subject’s heart
from least twenty three-dimensional cardiac images within a
single cardiac cycle.

[0064] Some embodiments of the invention are directed
towards a computer readable medium comprising a non-
transient computer readable program that upon execution by
a processor causes the processor to perform a computerized
cardiac simulation for at least one of diagnosis, risk assess-
ment or treatment planning, comprising providing informa-
tion to a user for use in at least one of a diagnosis or risk
assessment for stroke or dementia.

[0065] Some embodiments of the invention are directed
towards a computer readable medium comprising a non-
transient computer readable program that upon execution by
a processor causes the processor to perform a computerized
cardiac simulation for at least one of diagnosis, risk assess-
ment or treatment planning, comprising providing informa-
tion in a form of a three dimensional map. In some embodi-
ments, the three-dimensional map is a dynamic map that
changes in time in correspondence to the selected period of
time of the simulating.

[0066] Some embodiments of the invention are directed
towards a computer readable medium comprising a non-
transient computer readable program that upon execution by
a processor causes the processor to perform a computerized
cardiac simulation for at least one of diagnosis, risk assess-
ment or treatment planning, comprising providing informa-
tion to a user from a simulating wherein the information
provides information including at least one of a residual
blood flow in the left atrium and/or a left atrial appendage,
shear rate on a left atrial wall, vortex formation in the left
atrium, blood flow across a mitral valve, changes in volume
of a left ventricle, blood flow in a pulmonary vein, and blood
flow across an aortic valve.

[0067] Some embodiments of the invention are directed
towards a computer readable medium comprising a non-
transient computer readable program that upon execution by
a processor causes the processor to perform a computerized
cardiac simulation for at least one of diagnosis, risk assess-
ment or treatment planning, comprising modeling blood
flow including adding effects of one or more administered
compound designed to change a fluid property of the blood.

[0068] Some embodiments of the invention are directed
towards a computer readable medium comprising a non-
transient computer readable program that upon execution by
a processor causes the processor to perform a computerized
cardiac simulation for at least one of diagnosis, risk assess-
ment or treatment planning, comprising at least one of
modeling structure or modeling blood flow includes adding
effects of at least one planned or actual treatment.

[0069] Some embodiments of the invention are directed
towards a computer readable medium comprising a non-
transient computer readable program that upon execution by
a processor causes the processor to perform a computerized
cardiac simulation for at least one of diagnosis, risk assess-
ment or treatment planning, comprising at least one of
modeling structure or modeling blood flow includes adding
effects based on empirical data from a subject.

[0070] Some embodiments of the invention are directed
towards a computer readable medium comprising a non-
transient computer readable program that upon execution by
a processor causes the processor to perform a computerized
cardiac simulation for at least one of diagnosis, risk assess-
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ment or treatment planning, comprising receiving a plurality
of three-dimensional cardiac images have a resolution of at
least 2 mm.

[0071] Some embodiments of the invention are directed
towards a system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, including: a processor; and a noninva-
sive imaging modality in communication with the processor,
wherein the processor is configured to receive a plurality of
three-dimensional cardiac images of a subject’s heart such
that each three-dimensional cardiac image corresponds to a
different phase of a single cardiac cycle of the subject’s
heart, wherein the processor is configured to generate a
model structure of the left atrium of the subject as a function
of time using the plurality of three-dimensional cardiac
images of the subject’s heart, wherein the processor is
configured to generate a model of blood flow within, into
and out of the left atrium of the subject as a function of time
using computational fluidic dynamics and using structure of
the left atrium obtained from at least one of the plurality of
three-dimensional cardiac images or the model structure of
the left atrium, wherein the processor is configured to
generate a simulation of at least one of time dependent
structural function or time-dependent blood flow of the left
atrium using results from the model structure and the model
of blood flow for a selected period of time, and wherein the
processor is configured to provide information to a user from
the simulation for use in at least one of diagnosis, risk
assessment or treatment planning for a physiological effect
related to function of the left atrium of the subject.

[0072] FIG. 1A shows a conceptual model of an embodi-
ment of the invention. More specifically, FIG. 1A is a system
for performing a computerized cardiac simulation for at least
one of diagnosis, risk assessment or treatment planning 101
having a processor 103 and a noninvasive imaging modality
105 in communication with the processor.

[0073] FIG. 1B shows a conceptual model of an embodi-
ment of the invention. In FIG. 1B, LA=left atrium;
LAA=left atrial appendage; CT=computed tomography;
CFD=computational fluid dynamics; TIA=transient isch-
emic attack. A long-term goal of certain embodiments of the
instant invention is to develop a cloud application (“app™) to
recommend simulation-guided personalized therapy to pre-
vent cerebrovascular events associated with AF. This app
can be distributed to medical imaging vendors, standalone
imaging centers and executive health screening services to
help individual AF patients make an informed decision by
providing a better risk/benefit calculation of prophylactic
interventions such as AC, LAA closure, or rhythm control
approaches in patients with AF. The predictive value of the
app can continuously be improved by incorporating the
results from clinical outcome studies as they become avail-
able. An embodiment of the invention can will utilize an
image-based simulation platform to assess the risk of cere-
brovascular events, such as stroke, TIA and dementia, based
on the specific patient heart anatomy and function. Embodi-
ments can use high-resolution, 3-D motion estimation CT to
acquire patient-specific LA regional wall motion, and will
apply computational fluid dynamics (CFD) to simulate 3-D
blood flow within the LA and the LAA. Embodiments can
also perform thrombosis simulation based on CFD simula-
tion to identify the potential risk and the site(s) of blood clot
formation within the heart. An advantage of certain embodi-
ments of the instant invention can allow virtual interventions
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to simulate outcomes based on patient-specific anatomy and
function. This is can be a value that certain embodiments of
the instant invention offer beyond the existing medical
imaging technologies, including CT, MRI and echocardiog-
raphy. Embodiments of the instant invention can overcome
the limitations associated with the current paradigm, and
justify screening and more effective prophylactic interven-
tions in patients at a higher risk, while avoiding the com-
plications and the cost of interventions in lower-risk indi-
viduals.

[0074] Certain embodiments of the instant invention
include a prototype of an app that allows virtual LAA
closure procedures in individual patients. In this case, com-
putational fluid dynamics (CFD) simulation based on
patient-specific heart anatomy and function derived from a
motion-estimation CT can be used to estimate LA blood flow
before and after LAA closure.

[0075] The following examples describe some embodi-
ments and some applications in more detail. However, the
broad concepts of the current invention are not limited to the
particular examples.

EXAMPLES

Example 1

[0076] Atrial fibrillation (AF)—the most common
arrhythmia—affects 6 million individuals in the United
States. AF is associated with an increased risk of stroke®” 2
that can be fatal, and survivors are often left permanently
disabled. Mechanistically, cerebrovascular events in AF
patients are thought to result from ineffective contraction
during AF which result in subsequent intracardiac throm-
bosis. However, recent evidence suggests that underlying
atrial fibrosis and subsequent atrial dysfunction may also be
mechanistically contributing to cerebrovascular events in
AF patients. For example, an increased left atrial (LA)
volume?® and global LA dysfunction in individuals without
clinically recognized AF are an independent predictor of
clinical stroke/transient ischemic attack (TIAY* as well as
subclinical cerebrovascular events detected by brain MRI’.
Previous studies have demonstrated that the degree of
regional LA dysfunction during sinus rhythm is proportional
to the extent of underlying fibrosis quantified by late gado-
linium enhancement (LGE) of cardiac magnetic resonance
(CMR) in AF patients®. In addition, regional LA function
during AF is significantly depressed in patients with a prior
history of stroke compared with those without, independent
of the CHA2DS2-VASc score” ¥, the standard system of risk
stratification for stroke based on age, sex, and comorbidi-
ties®.

[0077] To further support the hypothesis that the underly-
ing atrial fibrosis and subsequent LA dysfunction may be
mechanistically contributing to cerebrovascular events in
AF patients, embodiments of the instant invention investi-
gated the association between regional LA function and a
prior history of stroke during sinus rhythm in patients
referred for catheter ablation of AF. In certain embodiments,
tissue-tracking CMR'* ! was used to quantify the LA
volume and regional LA function.

[0078] Results

[0079] A total of 169 patients (59+10 years, 74% male,
29% persistent AF) with a history of AF in sinus rhythm at
the time of pre-ablation cardiac magnetic resonance (CMR)
were analyzed. The LA volume, emptying fraction (EF),
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strain (S), and strain rate (SR) were assessed by tissue-
tracking CMR. The patients with a history of stroke or
transient ischemic attack (TIA) (n=18) had greater LA
volumes (V. andV_ . - $p=0.02 and p<0.001, respectively),
lower LA total EF (p<0.001), lower LA maximum and
pre-atrial contraction strains (S,,,, and S, _; p<0.001 and
p=0.01, respectively), and lower absolute values of LA SR
during left ventricular (LV) systole and early diastole (SR,
and SR_; p=0.005 and p=0.03, respectively) than those
without stroke/TIA (n=151). Multivariable analysis demon-
strated that the lower LA reservoir function, including total
EF, S, .. and SR, was associated with stroke/T1A (OR 0.94,
0.91, and 0.17; p=0.03, 0.02, and 0.04, respectively) after
adjusting for the CHA2DS2-VASc score and LAV

[0080] The data show that depressed LA reservoir function
as assessed by tissue-tracking CMR is significantly associ-
ated with a prior history of stroke/TIA in patients with AF.
Thus, assessment of LA reservoir function can improve the
risk stratification of cerebrovascular events in AF patients.

[0081] With the large number of possible treatment
options available for AF patients, it is desirable to have a
rational and non-invasive method for selecting treatment
options that minimize the dangers of cerebrovascular events
while minimizing costs and patient risk. The method and
data set developed herein show that LA reservoir function
and particularly LA strain and strain rate are related to
cerebrovascular events. While the risk prediction demon-
strated herein is in itself useful, the method and data set are
being used to construct a model la function. This model can
then be informed with actual CMR measurement of a
specific patient thereby creating a virtual patient represen-
tative of that patient. Not only does this model output the
initial cerebrovascular risk factors, it also responds to vari-
ous treatment options such as occlusion of the LAA. This
virtual patient model allows the clinician to try a variety of
single of combined treatments for AF and determine which
treatment or set of treatments results in the most favorable
cerebrovascular event outcome.

[0082] Patient Demographics. Clinical characteristics of
the patients are summarized in Table 1. A total of 169
patients (5910 years, 74% male, 29% persistent AF) were
included in the analysis. Compared to the control group,
patients in the stroke group were significantly older (p=0.
02). Other clinical characteristics, including the CHADS,
score and CHA,DS,-VASc scores, did not show any sig-
nificant difference between the stroke and control groups.
Three of 18 patients (16.7%) in the stroke group and 18 of
151 patients (11.9%) in the control group underwent car-
dioversion before pre-ablation CMR (p=0.84). There was no
significant difference in AF duration before cardioversion
(3.3£3.2 vs. 1.2+1.3 years, p=0.15) and the time from
cardioversion to CMR (59.7+42.7 vs. 52.2+42.7 days, p=0.
30).

min*

TABLE 1

Patient demographics

Stroke Control

(n=18) (n =151) p value
Age (years) 65.0+82 585+ 10.6 0.02%*
Sex (male) 12 (66.7) 113 (74.8) 0.50
Body mass index (kg/m?) 278 +24 280353 0.94
Type of AF (persistent) 5(27.8) 44 (29.1) 0.91
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TABLE 1-continued
Patient demographics

Stroke Control

n=18) (n =151) p value
Coronary artery disease 4(22.2) 16 (10.6) 0.14
Hypertension 7 (38.9) 60 (39.7) 0.94
Heart failure 2 (11.1) 12 (7.9) 0.63
Diabetes mellitus 3 (16.7) 18 (11.9) 0.55
CHADS, score before stroke 094 £090 0.74 £ 0.90 0.20
CHA,DS,-VASc score before 2.00 +1.32 145+ 149 0.07
stroke
Medications
B-blockers 10 (55.3) 73 (48.3) 0.70
Ca channel blockers 6 (33.3) 33 (21.9) 0.44
ACE inhibitors/ ARBs 6 (33.3) 49 (32.5) 0.96
Statins 7 (38.9) 62 (41.1) 0.86
Number of antiarrhythmic drugs 14 +£09 1.6 £ 0.9 0.60

In Table 1, data are expressed as the means * standard deviations, or as n (%).
ACE, Angiotensin-converting enzyme;

AF, atrial fibrillation;

ARB, angiotensin receptor blocker.

*p <.05.

[0083] LA Function and Stroke. The time course of LA
volume, strain, and strain rate in representative patients with
and without stroke are shown in FIG. 4. The CMR param-
eters in the stroke and the control groups are shown in Table
2. In the stroke group, the LA volumes (V,,,,, V,,..., and
V.., were significantly higher, the LA EFs (total, passive,
and active) were lower, the LA longitudinal S, and S,,,. ,
were lower, and the absolute values of the LA SR, and SR,
were lower than in the control group. There was no signifi-
cant difference regarding LA wall LGE between the two
groups (stroke group vs. control group: 29.3x17.6 vs.
27.1£16.1%, respectively, p=0.75). LV parameters, includ-
ing mass index, ejection fraction, end-diastolic volume
index, and longitudinal strain, did not show any significant
difference between the stroke and control groups.

[0084] FIG. 4 shows LA Measurements by Tissue-Track-
ing CMR in Patients with and without Stroke. (A) The LA
volume, (B) LA global longitudinal strain, and (C) LA strain
rate in a patient with stroke (red line) and without stroke
(blue line). The patient with stroke has a larger LA volume
and smaller strain and strain rate. The LA serves as a
reservoir during LV systole, as a conduit during LV early
diastole, and as an active pump during late diastole. The
abbreviations are as in FIGS. 2 and 3.

TABLE 2
Comparison of CMR measurements between the stroke and control

groups

Stroke Control

(n=18) (n=151) p value
LAV, (ml/m?) 522 =162 442 +129 0.024%
LAV, es (ml/m?) 448 = 14.5 35.7+11.7 0.005*
LAV,,;, (ml/m?) 351158 24.6 £10.7  <0.001*
LA total EF (%) 34.6 =135 45.6 = 11.8 <0.001%*
LA passive EF (%) 141 £5.6 197738 0.005%
LA active EF (%) 238 =158 327 £109 0.004*
LAS, .. (%) 194292 28.6 £10.6  <0.001*
LAS, .4 (%) 101 6.6 150 7.1 0.010%
LA SR, (1s) 0.81 =037 1.15 £ 047 0.005*
LA SR, (1's) -0.78 £ 041  -1.12 £0.62 0.033*
LA SR, (1/s) -1.14 £055 -1.52+084 0.071
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TABLE 2-continued

Comparison of CMR measurements between the stroke and control

groups
Stroke Control
(n=18) (n=151) p value
LV mass index (g/m?) 710 = 16.1 65.6 + 14.6 0.177
LV ejection fraction (%) 544 + 14.6 57.3+£9.5 0.281
LV end-diastolic volume 787 = 26.7 71.7£124 0.292
index (ml/m?)
LV longitudinal strain (%) -165 £52 -18.2 £ 4.4 0.149

In Table 2, data are expressed as the means + standard deviations.
CMR, cardiovascular magnetic resonance;
EF, emptying fraction;

LA, left atrial;

LV, left ventricular;

S > Maximum strain;

Spreds Pre-atrial contraction strain;

SR, strain rate at atrial contraction;

SR,, strain rate at LV early diastole;

SR, maximum strain rate;

V e Maximum indexed volume;

V puin» minimum indexed volume;

V,e4> Pre-atrial contraction indexed volume.

pre.

*p < .05.
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[0085]

variable and multivariable analyses regarding the associa-

Univariable and Multivariable Analyses. The uni-

tion between the CMR-measured parameters and stroke are
summarized in Table 3. In Model 1, a univariable analysis
identified larger LA volumes (V,,,., V.., and V

min

), lower

EFs (total, active, and passive EF), lower strains (S,,,, and
S,eq)> and lower absolute values of SR (SR, and SR.) as
significant contributors to stroke, indicating that all of the
LA parameters that differed significantly between the stroke
and control groups in Table 2 remained significant and were
associated with stroke. In Model 2, larger V., and V.,
lower EF's (total, active, and passive EF), lower strains (S,
and S, ,), and lower SR were significantly associated with
stroke after adjusting for the CHA,DS,-VASc score. In
Model 3, only the LA total EF, S and SR, which reflect

the LA reservoir function (FIGS. 3 and 4), remained sig-

max»

nificant after additionally adjusting for the LAV .
TABLE 3

Univariable and multivariable analyses of the associations between

CMR measurements and stroke

Model 1

Model 2 Model 3

OR (95% CI) p value OR (95% CI) p value OR (95% CI) p value
LAV, 1.04 (1.01-1.08)  0.030* 1.04 (0.99-1.08) 0.062
LAV 04 1.06 (1.02-1.10)  0.008* 1.05 (1.01-1.10)  0.019*
LAV, 1.07 (1.03-1.11)  0.002* 1.06 (1.02-1.11) ~ 0.005*
LA total EF 0.93 (0.89-0.97)  0.002* 093 (0.89-0.97) 0.002* 0.94 (0.88-0.99)  0.030*
LA passive EF 0.89 (0.81-0.96)  0.007* 0.89 (0.81-0.96)  0.020* 0.92 (0.83-1.00)  0.063
LA active EF 0.94 (0.90-0.98)  0.006* 0.94 (0.90-0.98) 0.008* 0.96 (0.91-1.00) 0.074
LAS, . 0.90 (0.83-0.96)  0.002* 0.90 (0.83-0.95) 0.002* 0.91 (0.84-0.97) 0.018*
LAS,,.4 0.89 (0.80-0.97) 0.012* 0.89 (0.80-0.97) 0.016* 0.92 (0.82-1.01) 0.091
LA SR, 0.10 (0.02-0.44)  0.006* 0.11 (0.02-0.50) 0.009* 0.17 (0.02-0.94)  0.042*
LA SR, 3.11(1.14-8.72)  0.039* 2.88 (1.04-9.69) 0.055  2.21 (0.72-749) 0.175
LA SR, 2.21(1.02-5.50)  0.066  2.08 (0.94-5.24) 0.095  1.48 (0.66-3.94) 0.391
LV mass index 1.03 (0.99-1.06) 0.189  1.02 (0.98-1.06) 0.224  1.02 (0.98-1.06) 0.321
LV ejection fraction 0.98 (0.93-1.03) 0301  0.98 (0.93-1.03) 0347  0.98 (0.93-1.06) 0.547
LV EDVI 1.02 (0.99-1.05) 0.253 098 (0.95-1.01) 0262  0.98 (0.95-1.01) 0.303
LV longitudinal 1.08 (0.97-1.21) 0.151  1.07 (0.96-1.20) 0.223  1.05 (0.94-1.18) 0.399

strain

In Table 3, CI = confidence interval; EDVI = end-diastolic volume index; OR = odds ratio.

Other abbreviations match those in Tables 2.

#p < 0.05.

Model 1: unadjusted.

Model 2: adjusted for CHA2DS2-VASc score.

Model 3: additionally adjusted for the LAV ;.
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[0086] Incremental Value of LA Function as a Marker of
Stroke. Additionally, it was found that adding the CMR-
measured LA function significantly improved the statistics
of the model on the basis of the conventional risk stratifi-
cation of strokes (FIG. 5). The LAV, provided incremen-
tal value over the CHA,DS,-VASc score, and the diagnostic
value was further improved by adding the global LA S,
(p=0.017 and 0.009, respectively).

[0087] FIG. 5 shows incremental Value of LA Strain for
Diagnosis of Stroke. The addition of the LA minimum
volume (V,,,,) to the model on the basis of the CHA,DS,,-
VASc score resulted in significant improvement in the
diagnostic value for stroke. The value was further increased
by adding the LA global longitudinal maximum strain
(Smax)'

[0088] Reproducibility of LA Analysis by Tissue-Tracking
CMR. The intra-observer ICC was between 0.88 and 0.99,
and the inter-observer ICC was between 0.89 and 0.99 for all
measured LA parameters from tissue-tracking CMR (Table
4).

TABLE 4

Reproducibility of the LA analysis by tissue-tracking CMR

Intra-observer Inter-observer

Limits of
Bias agreement ICC

Limits of
Bias agreement ICC

LAV, (mbm?)  -057 450 096 -125 408 099
LAV, (mlim®)  -093 342 097 -034 475 099
LAV, (m/m®)  -083  3.68 098 -161 431 098
LA total EF (%) 194 775 094 167 478 089

LA passive EF (%) 0.82 5.41 098 -0.92 7.81 0.92
LA active EF (%) 247 10.78 0.88  3.11 0.51 0.90

LAS,,.. (%) -075 319 094 126 28 090
LAS,,.4 (%) -120 299 096 164 217 098
LA SR, (/s) 010 043 091 011 018 095
LA SR, (1/s) -004 024 098 -015 023 094
LA SR, (1/s) -005 028 099 -012 027 097

In Table 4, CMR = cardiac magnetic resonance; [CC = intraclass correlation coefficient.
Other abbreviations match those in Table 2.

[0089] Discussion

[0090] Main Findings. It was found that that greater LA
volumes, lower LA EFs, lower peak strain, and lower peak
SR were associated with a prior history of stroke. It was also
found that LA total EF, LAS,, ., and SR, representing the
LA reservoir function, are independently associated with
stroke or TIA after adjusting for potential confounders and
clinical risk factors. These results are consistent with the
previous reports that the reduced LA reservoir function
accesses using transthoracic echocardiography in the
absence of AF is an independent predictor of clinical stroke/
TIA* as well as subclinical cerebrovascular events detected
by brain MRI°. These findings are particularly important
because this is the first report to demonstrate the significant
contribution of the LA reservoir function to stroke in AF
patients during sinus rhythm. In contrast to studies which
showed a significant association between stroke and the LA
reservoir function with echocardiography during AF”- ¥, the
sinus rhythm in our study allows assessment of all the LA
function components, including the reservoir function, con-
duit function, and booster pump function, and to success-
fully determine that only the LA reservoir function is
significantly associated with stroke. This important finding
further supports the concept that the underlying atrial fibro-
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sis and subsequent LA dysfunction is mechanistically con-
tributing to cerebrovascular events in AF patients.

[0091] Depressed LA Reservoir Function as a Mechanism
of Thromboembolic Events in AF Patients. The atrial func-
tion consists of three components: a reservoir function for
pulmonary venous return during LV systole, the conduit
function for pulmonary venous return during LV early
diastole, and the booster pump function that augments [V
filling during LV late diastole (FIG. 4). LA total EF, S,
and SR, represent LA compliance and reservoir function,
reflecting the passive stretch of the LA during LV systole.
The mechanism as to how the depressed LA reservoir
function leads to thromboembolic events is unclear. It is
possible that the depressed LA reservoir function results in
blood flow stasis in the LA and subsequent thrombus for-
mation. Studies have also shown that low LA strains are
associated with low flow velocities and thrombi in the LA
appendage (LAA)Y*, which is the most common site of
intracardiac thrombus®>. Of note, since none of the LV
indices—mass, ejection fraction, EDV and longitudinal
strain—were significantly associated with stroke/TIA, the
role of the LA reservoir function in the pathogenesis of
intracardiac thrombosis is not due to the indirect conse-
quence of LV function. The possibility that cardioversion-
induced atrial stunning could have confounded the findings
is low because: (1) cardioversion was performed in only a
minority of patients in both groups; (2) there was no
significant difference in the fraction of patients who under-
went cardioversion between both groups; and (3) CMR was
performed approximately 8 weeks after cardioversion on
average, while cardioversion-induced atrial stunning usually
recovers within 4 weeks®. In the data set, there was no
significant difference in the extent of the LA fibrosis quan-
tified by LGE MRI between the stroke group and the control
group. This finding is not consistent with a previous report>*,
but this may be due to a small sample size since only a small
number of patients underwent LGE (85 out of 169 patients).

[0092] LA Measurements by Tissue-Tracking CMR. CMR
has been established as a highly accurate and reproducible
imaging modality, and is considered a standard clinical
technique for measuring LA dimensions and volumes®>: 2°.
LA volume and function was analyzed with tissue-tracking
CMR, which has been used to measure multiple LA param-
eters with excellent intra- and inter-observer reproducibility
in healthy subjects'® '. Consistent with these previous
reports, the results showed excellent inter- and intra-ob-
server reproducibility for LA strain analysis with tissue-
tracking CMR, which is similar or superior to those of
speckle-tracking echocardiography”’ Additionally, tissue-
tracking CMR can be performed with a routine cine CMR
examination and does not require separate image acquisi-
tions (e.g., tagged MRI or DENSE®®) or contrast media,
although contrast media might be used in clinical settings to
identify LA wall fibrosis in LGE and LAA thrombus as a
sign of possible impending stroke in CMR angiography
before AF ablations™. Another strength of tissue-tracking
CMR is that it is user-friendly. The images can be analyzed
within minutes per patient by an operator without prior
experience in image analysis, in contrast to LA fibrosis
quantification with LGE that require hours of analysis per
patient in the hands of an expert.

[0093] Clinical Implications. The CHADS, and
CHA_DS,-VASc scores are the most widely accepted and
validated models to estimate the risk of stroke in AF
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patients’>* **. In addition, an increased LA volume is also
associated with a higher risk of stroke®. Results described
here demonstrate that the LA reservoir function is signifi-
cantly associated with a prior history of stroke/TIA inde-
pendent of the CHA,DS,-VASc score and the LA volume
(Table 3). Results here offer a basis for determining the role
of LA reservoir function by tissue-tracking CMR in predict-
ing stroke or TIA. This may improve the current risk
stratification strategy for stroke and potentially allow for
early identification of subjects at risk of stroke, with or
without a history of AF. Aggressive clinical management,
such as early ablation or pharmacotherapy for AF to improve
LA remodeling®'- 32 and early anticoagulation may reduce
the risk of stroke in subjects with a high risk of stroke. In
addition, further studies are warranted to investigate whether
the risk of stroke improves if LA function improves by these
therapies.

[0094] The reported study represents a single-center, ret-
rospective, cross-sectional analysis. The analysis may be
missing patients who died from stroke. In addition, CMR
was not performed at the time of stroke/TIA. When evalu-
ating the predictive value of the LA parameters for stroke,
baseline LA strain analysis should ideally be assessed before
stroke. For the deformation analysis, 2- and 4-chamber cine
CMR was used, which was included in a routine image
acquisition protocol. In certain embodiments, the strain was
2-D and was obtained in the in-plane direction. These strains
can also be compared with 3-D strains. In addition, the endo-
and epicardial contours included the ostium of pulmonary
veins and the LAA in a small number of patients. This could
have led to underestimation of strain values; however, two
previous studies used the same approach and validated the
results'® !*. Despite the limitations of certain methods used
in certain embodiments of the invention, the analysis dem-
onstrated a significant association between LA dysfunction
and a prior history of stroke with excellent reproducibility
(Table 4). Therefore, the advantage of certain embodiments
of the instant invention outweigh the disadvantages of
including more views (e.g., multiple short-axis LA slices)
and of excluding the ostia area to assess the whole LA
deformation, which would increase the scan time and post-
processing burden.

[0095] Conclusions
[0096] CMR measurements indicate that lower LA total
EF, S, .., and SR —representing LA reservoir function—are

significantly associated with a prior history of stroke/TTA in
patients with a history of AF. Our results offer a basis for a
prospective study to determine the role of depressed LA
reservoir function by tissue-tracking CMR in predicting
stroke or TIA for early detection of the population at risk of
developing stroke.

[0097] Materials and Methods

[0098] Study Design. To study the association between a
prior history of stroke or TIA and LA structure and function
as determined by tissue-tracking CMR, a single-center,
retrospective, cross-sectional study was performed within a
longitudinal, prospectively enrolled database for all the
patients referred to the Johns Hopkins Hospital for catheter
ablation of AF. Between June 2010 and August 2013, 525
consecutive patients were referred to the Johns Hopkins
Hospital for AF ablation (FIG. 2). FIG. 2 is a schematic
showing patient enrollment. In FIG. 2, AF=atrial fibrillation;
CMR=cardiovascular magnetic resonance. Among these,
300 patients underwent a routine pre-ablation CMR. Patients
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who were in AF at the time of CMR (n=92, 31%) were
excluded because the CMR image quality is often poor and
the measured LA strains are depressed during AF compared
with those in sinus rhythm'2. Patients who had a prior AF
ablation procedure (n=33), severe valvular disease in
echocardiography (n=3), or poor-quality CMR images (n=3)
were also excluded. Thus, 169 patients were included in the
final analysis. The stroke group (n=18, 11.8%) was identi-
fied as those with a prior history of stroke or TIA at the time
of CMR; the remaining patients were designated as the
control group (n=151). The patients were classified as hav-
ing either paroxysmal or persistent AF based on the guide-
lines®, and the thromboembolic risk was assessed using the
CHADS, and the CHA,DS,-VASc scores'> **. In general,
the patients with persistent AF were placed on antiarrhyth-
mic medications and referred for external cardioversion 3-4
weeks prior to CMR*>. All patients gave an informed
consent to be included in the prospective patient database
prior to the pre-ablation CMR, and the protocol was
approved by the Institutional Review Board of the Johns
Hopkins Medicine.

[0099] CMR Protocol. CMR was performed witha 1.5 T
scanner (Avanto; Siemens Medical Systems, Erlangen, Ger-
many) and a 6-channel phased array body coil in combina-
tion with a 6-channel spine matrix coil. All images were
electrocardiogram gated and acquired with breath-holding,
with the patient in a supine position. Cine CMR images were
scanned in the radial long axis by True Fast Imaging with
Steady-State Precession (TrueFISP) sequence with a TE/TR
and flip angle of 1.2/2.4 msec and 80 degrees, an in-plane
resolution of 1.4x1.4 mm, a slice thickness of 8 mm, and a
spacing of 2 mm. The images were acquired with 30 frames
during the time interval between the R-peak of the ECG
(temporal resolution, 20-40 ms). Among the 169 patients
included in the final analysis, 85 (n=5 in the stroke group
and n=80 in control group) also underwent late gadolinium
enhancement (LGE) to quantify LA fibrosis. LGE-MRI
scans were acquired within a range of 15-25 minutes after
the injection of gadopentetate dimeglumine (0.2 mmolkg,
Bayer Healthcare Pharmaceuticals, Montville, N.J.) using a
fat-saturated 3-dimensional (3-D) inversion recovery-pre-
pared fast spoiled gradient-recalled echo sequence with the
following; respiratory navigation and electrocardiogram gat-
ing with TE/TR and flip angle of 1.52/3.8 msec and 10°, an
in-plane resolution of 1.3x1.3 mm, and a slice thickness of
2.0 mm. Trigger time for 3-D LGE-MRI images was opti-
mized to acquire imaging data during diastole of LA as
observed from the cine images. The optimal inversion time
was identified with an inversion time scout scan (median
270 ms; range 240-290 ms) to maximize nulling of the LA
myocardium. A parallel imaging technique—generalized
autocalibrating partially parallel acquisition (reduction fac-
tor 2)—was used. Image processing was conducted in
QMass MR (version 7.2, Leiden University Medical Center,
Leiden, The Netherlands) on multiplanar reformatted axial
images from 3-dimensional axial image data. To define LA
fibrosis, the cutoff value of >0.97 for image intensity ratio
(TIR) was used, which has been shown to correspond to the
bipolar voltage<0.5 mV''°.

[0100] Tissue-Tracking CMR. Off-line semi-automated
multimodality tissue-tracking (MTT) software version 6.0
(Toshiba, Tokyo, Japan) was used to analyze the LA and LV
structure and function in long-axis 2- and 4-chamber cine
images''. The endo- and epicardial borders, excluding pul-
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monary veins and LA appendage, were manually traced. The
number of pixels that lay across the LA and LV wall was
2.2+1.2 and 8.8+2.7, respectively. MTT is similar in concept
to 2-dimensional (2-D) speckle-tracking imaging. Briefly,
MTT reads characteristic pixel patterns in each 10 mmx10
mm area as template pieces from the reference image. The
identified area as a template was searched in the next frame
to find the best match according to the mean squared error
of the image pixel intensity. This was used to accurately
track pixel locations between subsequent image frames.
Repeating the algorithm, the LA wall was automatically
tracked through the cardiac cycle (FIGS. 3A, 3B). With this
2-D displacement field over time from the reference con-
figuration to the deformed configuration, the differentiation
with respect to the reference configuration gives the defor-
mation gradient tensor (F), which depends on position. The
Lagrangian Green’s strain tensor (E) was then calculated as:

E=Y(FTF-I) M

where F” is the transpose of F and I is the identity matrix.
The strain (S) was defined as a stretch ratio along the
longitudinal axis that represents the length normalized to its
length at the reference configuration:

S=100xy/2E,+1(%) @

where E,, is the strain with respect to the local longitudinal
axis calculated from the E.

[0101] The global longitudinal strain and strain rate were
calculated by averaging all of the strain values obtained in
long-axis 2- and 4-chamber views. A positive and negative
strain value indicates stretch and shortening, respectively,
with respect to the reference configuration at the ventricular
end-diastole defined as the peak of R wave on surface ECG.
LA maximum strain (S,,,.) and pre-atrial contraction strain
(S,.4) were identified from the strain curve (FIG. 3D); the
strain rates in LV systole (SR,), LV early diastole (SR,), and
LA contraction (SR,) were obtained from the strain rate
curve (FI1G. 3E).

[0102] FIGS. 3A-E shows images and graphs showing LA
measurements by tissue-tracking CMR in a patient without
a stroke. In FIGS. 3A and B, Left atrium (LA) longitudinal
strain in the 2- and 4-chamber views at the end of left
ventricular (LV) systole. (C) LA volume curve. The pink
dotted line is the average of the values of volume in the 2-
and 4-chamber views. The LA maximum volume (V, _ ), the
pre-atrial contraction volume (V,,,,), and the minimum
volume (V,,,,) were identified. The LA emptying fractions
(EFs) were calculated using V., V.4, and V,.. (D and
E) The LA strain and strain rate curve. The LA maximum
strain (S,,,.) and pre-atrial contraction strain (S, ,) were
identified from the strain curve. The strain rates during LV
systole (SR,), LV early diastole (SR, ), and atrial contraction
(SR,) were also analyzed from the strain rate curve.

[0103] The LA volume curve was generated by the biplane
modified Simpson’s method, which was validated using the
area-length method'”"?, and the maximum LA volume
(V ), pre-atrial contraction LA volume (V,,,,,), and mini-
mum LA volume (V,,;,) were extracted (FIG. 3C). All the
LA volumes were indexed by the body surface area (BSA)
according to DuBois’ formula (e.g., BSA=0.007184x
[weight"0.425]x[height 0.725]). From the LA volumes, the
LA emptying fractions (EF) were calculated as follows=’;
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(1) LA total EF=(V,,,.~V,,,,)x100%/V
BE~(V 100~V )X 100%/V,
(V= XL00%IY,,
[0104] Reproducibility. Intra- and inter-observer repro-
ducibility for the LA parameters were examined in a group
of 20 randomly selected patients by one investigator who
made two independent measurements, and by two other
investigators who were unaware of the other investigator’s
measurements and of the study time point. The bias (mean
difference) and limits of agreement [1.96 standard deviation
(SD) of difference] between the first and second measure-
ments were determined by the Bland-Altman method. Intra-
class correlation coefficients (ICC) were also assessed to
evaluate reproducibility.

[0105] Statistical Analysis. Continuous variables were
presented as the means+SD and categorical variables as
frequencies and percentages. The participants’ baseline data
and LA parameters were compared between the stroke and
the control groups using Student’s t-test for continuous
variables and chi-square test for categorical variables. Uni-
variable and multivariable logistic regression analyses were
performed to evaluate the association between clinical vari-
ables and stroke/TIA. Model 1 reflected (univariable) unad-
justed relations of LA and LV measurements to stroke/TTA.
Model 2 was adjusted for the CHA,DS,-VASc score prior to
stroke/TIA to incorporate a history of Cardiac failure,
Hypertension, Age, Diabetes, Stroke/TTA, Vascular disease,
and Sex. In Model 3, an additional adjustment was made for
the LAV,,,. The incremental value for assessing the risk of
stroke was studied by calculating the improvement in the
global chi-square. Data were analyzed with JMP version
10.0 (SAS Institute, Inc., Cary, N.C.) and MedCalc version
13.3 (MedCalc Software, Inc., Mariakerke, Belgium). A
two-sided p-value of less than 0.05 was considered statisti-
cally significant.

mars (2) LA passive
and (3) LA active EF=

max>
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Example 2

Personalized Left Atrial Blood Flow Analysis using
Computational Fluid Dynamics

[0138] This study presents a computational framework to
perform CT-based, personalized blood flow analysis in
human left atrium (LA). Patient-specific LA geometry and
function were obtained from the cardiac CT images of a
patient acquired during sinus rhythm. A four-dimensional
displacement vector field was estimated using a non-rigid
registration method. The LA blood outflow across the mitral
valve was calculated from LV volume change, and the flow
field within the LA was derived from computational fluid
dynamics (CFD) using the incompressible Navier-Stokes
equation. The global characteristiscs of the LA motion and
blood flow excellently agreed with clinical observations.
The personalized blood flow analysis in the LA may be
useful to evaluate the flow stasis associated with the risk of
the intracardiac thrombosis and stroke.

[0139] Key Words: Atrial fibrillation, Computational fluid
dynamics, Cardiac mechanics, left atrium

[0140] 1. Introduction

[0141] Atrial fibrillation (AF) is associated with an
increased risk of stroke'”. However, recent studies suggest
that AF may not be mechanistically responsible for the
thromboembolic events®* and instead indicate that altera-
tions in cardiac structure and function that serve as an
arrhythmic substrate for AF may be causally related to
thromboembolism. For example, indices of left atrial (LA)
structural remodelling, including larger LA size®™, larger
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extent of LA fibrosis'®, lower LA functions”, and lower LA
appendage (LAA) function® in sinus rhythm are known
markers of stroke.

[0142] Computational fluid dynamics (CFD) is thought to
be a beneficial tool to link all markers of structural remod-
elling and blood flow characteristics in the LA attributed the
thromboembolic events. However, in earlier studies® '©,
LA function was treated by an ideal condition rather than
measured in individual patients. Since the LA function is one
of the critical determinant of blood flow within the LA,
patient-specific LA function quantified by 3D high-resolu-
tion imaging would improve the accuracy of personalized
blood flow analysis in individual patients.

[0143] The present study presents a computational frame-
work to conduct personalized blood flow analysis in the LA.
We used a motion-estimation CT to acquire patient-specific
LA geometry and function.

[0144] 2. Computational Methods

[0145] 2.1 Acquisition of a Patient-Specific LA Geometry
and Function

[0146] In this study, we used cardiac CT images of an AF

patient acquired during normal sinus rhythm using a 64-slice
multi-detector CT scanner (Aquilion 64, Toshiba America
Medical Systems, Inc. Tustin, Calif)). The volumetric CT
images were reconstructed for a total of 20 phases during
one cycle length. The reconstructed image matrix size was
512x512x298 with the voxel size of 0.5x0.5x0.5 mm?®. LA
was segmented in the CT images at all the 20 phases using
the cardiovascular segmentation tool of Mimics Medical
18.0 (Materialise, Inc. Plymouth, Mich.). Using the seg-
mented CT images, LA surface geometry reconstruction and
LV volume measurements were performed at all the phases.
FIGS. 6A and 6B show representative LA surface geometry
and time course of LV volume changes. The cycle length of
the cardiac cycle was 0.82 sec.

[0147] Motion estimation of the LA wall was performed
by a non-rigid registration method developed by Pour-
morteza et al*". The template point set was constructed
from the LA surface mesh at electrocardiographic ventricu-
lar end diastole using Pointwise V17.3R1 (Pointwise, Inc.
Fort Worth, Tex.) with the base mesh size of 1.5 mm. From
the matched point sets in all phases, three-dimensional
displacement vectors of all points were calculated. These
discrete displacement vectors given in 20 phases were
interpolated to the continuous function given in arbitrary
time t expressed by using the methods of Chnafa et al"'?.
[0148] Patient-specific volumes of blood ejected through
the MV from LA to LV over time were calculated from the
changes in LV volumes during ventricular diastole. To
minimize the computational cost, the LV was modelled as a
cylinder that receives the patient-specific blood volume
during ventricular diastole. The MV was considered to be
closed during ventricular systole and open during ventricular
diastole, and the time required for MV opening and closure
was considered to be negligible. Ventricular systole and
diastole were defined by the time course of LV volume.
[0149] 2.2 Left Atrial Blood Flow Analysis

[0150] Tetrahedral meshes were constructed in the LA
including the PVs using Pointwise for the blood flow
analysis. Blood flow analysis in the LA was implemented in
Open-FOAM 23.1 (http://www.openfoam.con/). We
assumed the blood as an incompressible Newtonian fluid
with density p of 1.05x10* kg/m® and viscosity p of 3.5x
107 Pa-s. The flow in the LA was modelled with the
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incompressible Navier-Stokes equation and the equation of
continuity. These equations were solved with coupling using
the Pressure Implicit with Splitting of Operations (PISO)
algorism.

[0151] For the boundary conditions of the CFD studies,
the velocity at the wall boundary was determined by the wall
motion in each time step and the zero gradient pressure was
adopted. At the distal end of each PV, the velocity was
determined by the flow direction: zero-gradient velocity for
outflow and a fixed velocity calculated from the flux through
the boundary for inflow using a routine in Open-FOAM.
This boundary condition was chosen to permit both inflow
and outflow in the PVs that are observed during the cardiac
cycle in human heart'®. The pressure is set to satisfy the
total pressure to be zero. The boundary condition of the MV
annulus during ventricular systole was treated as a wall
boundary.

[0152] For the volume mesh deformation, displacement
vector calculated by the motion estimation was assigned in
the nodes of the whole wall boundary, except the distal end
of the PVs and the MV annulus during ventricular systole
which were set to a zero-gradient boundary. The blood flow
analysis in each case was performed with the time increment
of 1x107 sec. A total of 5 cardiac cycles were calculated in
each case. In the preliminary calculation, we confirmed that
flow characteristics reached a stable condition and became
periodic within the first three cardiac phases.

[0153] 3. Results and Discussion

[0154] 3.1 Time Course of LA and LAA Volume Change

[0155] The time course of LA and LAA volume change
with reference to the ventricular end-diastole was calculated
from motion estimation results shown in FIG. 7. The time
course clearly showed three characteristic phases of LA
function: the reservoir phase for pulmonary venous return
during LV systole, the conduit phase for pulmonary venous
return during LV early diastole, and the booster pump phase
that augments LV filling during L'V late diastole. The LA and
the LAA accounted for approximately 60% of LV filling
volume, which is consistent with our previous data using
cardiac MRI®,

[0156] 3.2 LA Global Flow Characteristics

[0157] FIG. 8 shows the streamlines of blood flow in a
representative cardiac cycle in the anterior view of the LA.
The blood flow from the all pulmonary veins (PVs) swirled
counterclockwise along the top of the LA and the septum
during the reservoir phase [FIG. 8 (0.2 sec)]. During the
conduit phase, this swirling flow was replaced by longitu-
dinal flow of high velocity magnitude coming from all PVs
to pass through the MV [FIG. 8 (0.47 sec)]. At the end of the
conduit phase, the longitudinal flow was replaced transiently
by the swirling flow [FIG. 8 (0.6 sec)]. During the booster
pump phase the swirling flow immediately disappeared,
followed by appearance of outflow (flow coming out of LA)
in all PVs [FIG. 8 (0.74 sec)]. These time course of LA
global flow characteristics was consistent with that of the
healthy human LA reported in Fyrenius et al.'*. In addition,
we confirmed the time course of the velocity magnitude in
the LAA showed also excellent agreement between CFD
results and measurement results by using the transesopha-
geal echocardiography (not shown). Therefore, we believe
that our computational framework of the personalized blood
flow analysis can be used to evaluate the global features of
the flow field in the LA in individual patients.
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[0158] 4. Summary

[0159] In the present study, we developed a computational
framework to perform CT-based, personalized blood flow
analysis in the LA. We confirmed the robustness of this
framework through the correspondence between the CFD
results and clinical observations. For the risk assessment of
the thrombosis in the LA attributing the stroke, further
analysis using large population dataset including the AF
patients with and without the prior history of stroke is
needed.
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Example 3

A Computational Framework for Personalized
Blood Flow Analysis in the Human Left Atrium

[0174] Abstract

[0175] Atrial fibrillation (AF), the most common human
arrhythmia, is a marker of an increased risk of embolic
stroke. However, recent studies suggest that AF may not be
mechanistically responsible for the stroke events. An alter-
native explanation for the mechanism of intracardiac throm-
bosis and stroke in patients with AF is structural remodeling
of the left atrium (LA). However, a mechanistic link
between LA structural remodeling and intracardiac throm-
bosis is unclear, because there is no clinically feasible
methodology to evaluate the complex relationship between
these two phenomena in individual patients. Computational
fluid dynamics (CFD) is a powerful tool that could poten-
tially link LA structural remodeling and intracardiac throm-
bosis in individual patients by evaluating the patient-specific
LA blood flow characteristics. However, the lack of knowl-
edge of the material and mechanical properties of the heart
wall in specific patients makes it challenging to solve the
complexity of fluid-structure interaction. In this study, our
aim was to develop a clinically feasible methodology to
perform personalized blood flow analysis within the heart.
We propose an alternative computational approach to per-
form personalized blood flow analysis by providing the
three-dimensional LA endocardial surface motion estimated
from patient-specific cardiac CT images. In two patients
(case 1 and 2), a four-dimensional displacement vector field
was estimated using nonrigid registration. The LA blood
outflow across the mitral valve (MV) was calculated from
the LV volume, and the flow field within the LA was derived
from the incompressible Navier-Stokes equation. The CFD
results successfully captured characteristic features of LA
blood flow observed clinically by transesophageal echocar-
diogram. The LA global flow characteristics and vortex
structures also agreed well with previous reports. The time
course of LAA emptying was similar in both cases, despite
the substantial difference in the LA structure and function.
We conclude that our CT-based, personalized LA blood flow
analysis is a clinically feasible methodology that can be used
to improve our understanding of the mechanism of intrac-
ardiac thrombosis and stroke in individual patients with LA
structural remodeling.

[0176] List of Abbreviations: AF=Atrial fibrillation;
CFD=Computational fluid dynamics; CT=Computed
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tomography; LA=Left atrium; LAA=Left atrial appendage;
LV=Left ventricle; MV=Mitral valve; PV=Pulmonary vein;
TEE=Transesophageal echocardiogram; 3-D=Three-dimen-
sional; 4-D=Four-dimensional

[0177] Introduction

[0178] Atrial fibrillation (AF) is associated with an
increased risk of embolic stroke®®. However, recent studies
using extended electrocardiographic monitoring revealed
that most patients with acute stroke had no evidence of AF
within one month prior to the event®®. In addition, even a
single six-minute episode of atrial arrhythmia is associated
with a greater than two-fold risk of ischemic stroke'®. These
findings strongly suggest that AF may be a marker of an
elevated thromboembolic risk, but may not be mechanisti-
cally responsible for the events™. Instead, alterations in
cardiac structure and function that serve as an arrhythmic
substrate for AF may be causally related to thromboembo-
lism. In fact, indices of left atrial (LA) structural remodeling,
including larger LA size™'*'®3! larger extent of LA fibro-
sis®, lower LA function'**%**, and lower LA appendage
(LAA) function®** are known markers of stroke. However,
a mechanistic link between LA structural remodeling and
intracardiac thrombosis is unclear, because there is no
clinically feasible methodology to evaluate the complex
relationship between these two phenomena in individual
patients.

[0179] Computational fluid dynamics (CFD) is a powerful
tool that can provide a methodology to link LA structural
remodeling and intracardiac thrombosis in individual
patients by evaluating the patient-specific LA blood flow
characteristics'®~, However, one of the challenges of per-
sonalized CFD analysis within the heart is the complexity of
fluid-structure interaction between the blood flow and the
heart wall, mainly resulting from the lack of knowledge of
the material and mechanical properties of the heart wall in
specific patients. In this study, our aim was to develop a
clinically feasible methodology to perform personalized
blood flow analysis within the heart. We propose an alter-
native approach to perform personalized blood flow analysis
by providing the three-dimensional (3-D) LA endocardial
surface motion estimated from patient-specific cardiac CT
images. In essence, our approach reduces the cardiac CFD
analysis to a moving boundary problem, which is clinically
tractable in individual patients. The effectiveness of our
approach is demonstrated by numerical examples of two
human patients.

[0180] Materials and Methods

[0181] The workflow of the LA personalized blood flow
analysis is shown in FIG. 9. The protocol was approved by
the Institutional Review Board of the Johns Hopkins Medi-
cine. In FIG. 9, The CT images were segmented to recon-
struct the left atrial (LA) surface structure and measure the
left ventricular (LV) volume for a total of 20 phases in a
cardiac cycle (0% RR, 5% RR, . .., 95% RR), where the RR
indicates the cycle length. Motion Estimation. The LA wall
motion was estimated by a nonrigid registration method™’.
Personalized blood flow analysis in the LA was performed
with patient-specific LA wall motion and ejected blood
volume from LA to LV calculated by the LV volume change.
[0182] Patient-specific cardiac structure. In this study we
used cardiac CT images of two patients with a history of AF
(case 1 and case 2) but without a prior history of stroke or
transient ischemic attack. We acquired the CT images during
normal sinus rhythm prior to catheter ablation of AF using
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a 64-slice multi-detector CT scanner (Aquilion 64, Toshiba
America Medical Systems, Inc. Tustin, Calif.). We recon-
structed the volumetric CT images for a total of 20 phases
(0% RR, 5% RR, . . ., 95% RR) during the cardiac cycle.
Here, the RR indicates the cycle length, or the interval
between two consecutive electrocardiographic R waves, and
0% RR indicates electrocardiographic ventricular end-dias-
tole. The reconstructed image matrix size was 512x512x298
for case 1 and 512x512x352 for case 2. The in-plane pixel
size was 0.5%0.5 mm”, the through-plane slice thickness was
1.0 mm, and slice gap was 0.5 mm, resulting in a 3-D image
matrix of 0.5%0.5x0.5 mm®>. We segmented the endocardial
surface of the LA and the left ventricle (LV) at all the phases
on the basis of signal intensity using the cardiovascular
segmentation tool of Mimics Medical 18.0 (Materialise, Inc.
Plymouth, Mich.). We removed the pulmonary veins (PVs)
beyond the first bifurcation using MeshMixer (Version 1.09.
293; Autodesk, Inc. San Rafael, Calif.). We defined the
triangular LA endocardial surface geometry at the reference
phase (0% RR) as the template mesh using Pointwise
(Version V17.3R1; Pointwise, Inc. Fort Worth, Tex.) with
the base element size of 1.5 mm. This base element size was
determined from the spatial resolution of the CT image (slice
thickness of 1 mm) and a measurement error of one in-plane
pixel size (=0.5 mm). The LA structure of both the cases is
shown in FIGS. 10A and 10B. Of note, case 1 also undet-
went transesophageal echocardiogram (TEE) with Doppler-
based blood velocity measurements within the LA under
general anesthesia at a separate time point. The blood
velocity data from TEE was used to validate our CFD
results.
[0183]
rigid registration method developed by Pourmorteza et a
to estimate the cardiac motion, which directly computes the
3-D displacement fields between the target mesh in the
reference phase and a target mesh in all the other (deformed)
phases such that every triangle on the template mesh has a
corresponding triangle on each of the target mesh. To obtain
the four-dimensional (4-D) continuous displacement field
u(t) of the endocardial LA surface, we interpolated the
discrete displacement fields u, given in 20 phases (i=1, 2, .
.., 20) using inverse Fourier series expansion’.

Patient-specific cardiac function. We used a non-
1.25

L i (D
u(t) = Z F, exp(%k[].
k=0

where T is the cycle length, L is the maximum Fourier mode,
and F, is the Fourier coeflicient, obtained from the Fourier
transform of u,, which is the magnitude at frequency k/T.
Since our CT system required approximately 0.15 seconds to
reconstruct the cardiac images in each phase using the
half-scan reconstruction method*', we removed F, in the
high frequency domain (>1/0.15~6.7 sec™!) which likely
contained measurement errors.

[0184] Patient-specific left atrial blood flow analysis. For
the blood flow analysis, we created tetrahedral volumetric
meshes in the LA at the reference phase using Pointwise.
With the base element size of 1.5 mm, the total number of
volumetric elements was 366,909 and 549,299 in case 1 and
2, respectively. We conducted a mesh convergence study to
confirm that the volumetric element size did not substan-
tially influence the solutions (see Appendix S1, Electronic
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Supplementary Material). We performed the LA blood flow
analysis using OpenFOAM 2.3.1 (http://www.openfoam.
com/). We assumed the blood to be an incompressible
Newtonian fluid with density p of 1.05x10° kg/m® and
viscosity o of 3.5x1073 Pa's, because the non-Newtonian
effects on the global blood flow characteristics in large
domains such as the LA are considered to be negligible®™.
The flow in the LA was modeled with the incompressible
Navier-Stokes equation and the continuity equation, given

by

where v is the velocity vector and p is the pressure.
[0185] We treated the flow as laminar because the mean
Reynolds number through the mitral valve (MV) during
diastole was approximately 2,400 and 1,100 in case 1 and
case 2, respectively. The blood flow across the MV was
calculated from the changes in the LV volume during
ventricular diastole measured from CT images. To minimize
the computational cost and the impact of boundary condi-
tions on the CFD analysis, we modeled the LV and each of
the distal PV beyond the first bifurcation as a cylinder. We
also interpolated the 4-D displacement fields smoothly in the
PVs and the LV surfaces to avoid generating defect volume
elements with high aspect ratio or non-orthogonality. We
calculated the 4-D displacement field of the L'V surface to
allow the LV volume change measured from the CT images.
We considered the MV to be closed during ventricular
systole, open during ventricular diastole, and the time
required for MV opening and closing to be negligible. We
defined ventricular systole and diastole by the time course of
the LV volume (FIG. 11, top row). We created two sets of
volume mesh to calculate the blood flow depending on the
MV configuration. When the MV was open, the volume
mesh included the LA and the LV. When the MV was closed,
the volume mesh included only the LA. The LA flow fields
in transition between systole and diastole were interpolated
using data mapping function in the OpenFOAM (“map-
Fields”). The initial velocity magnitude in the LV at the
beginning of ventricular diastole was set to zero.

[0186] Computation. The boundary conditions for the
CFD studies were as follows. We determined the velocity
vectors from time t to t+At in each time step at the surface
boundary from the surface displacement fields in eq. 1. We
employed the zero-gradient pressure condition at the distal
end of each PV, where we determined the velocity by the
flow direction: zero-gradient velocity for the PV inflow and
a fixed velocity calculated from the flux through the bound-
ary for the PV outflow. This boundary condition was chosen
to reproduce both inflow and outflow of the PVs that are
observed during the cardiac cycle in human heart®. The
pressure p is determined such that the total pressure [p+Y2p
(v-v)] is equal to zero. The MV annulus during ventricular
systole was treated as a surface boundary. We conducted the
blood flow analysis in each case with the time increment of
1x10™* sec. We defined convergence in each time step by the
tolerance of velocity and pressure lower than 1x107> and
1x1073, respectively. We computed a total of five cardiac
cycles in each case.
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[0187] Vortex structures within the LA. The 3-D vortex
structure using q, critetion is often used to assess the cardiac
flow characteristics”**?2, It is calculated as the second
invariant of the velocity gradient tensor q,, given by

1=Y5(QR,5,S,) )

where Q,; and S, are the rotation and shear strain tensor,
respectively. We used this criterion to visualize the vortex
structures as the iso-surface of q, in the flow field.

[0188] Left atrial appendage flow characteristics. We
assessed the LAA flow characteristics by two indices. First,
flow dissipation within the LAA was assessed by the flow

kinetic energy in the LAA, defined by
Kinetic energy=y, , Yap(vv)dV (3)

where V, , , is the LAA volume. Second, blood stasis within
the LAA was assessed by solving the transportation of the
passive scalar ¢ in the flow field within the LAA. The
passive-scalar transport analysis is one of the efficient and
cost-effective techniques to visualize the blood flow char-
acteristics'®2” and to quantify blood flow stasis'**?. ¢ is
expressed as the convection-diffusion equation, given by

a¢ -
57 +V (VO -DVp=0

Q)

where D is the diffusion coeflicient of 1x10~° m?*/sec'5-®

(see Appendix S4, Electronic Supplementary Material).
[0189] At the beginning of the third cardiac cycle, ¢ was
set to zero in the entire calculation domain except within the
LAA where ¢ was set to one. To quantify blood stasis within
the LAA, the residual fraction of ¢ was calculated as

. . 1 (5)
Residual fraction = —— odV
Viaa Ivpa

where V, ,,° is the LAA volume at the initial condition.
[0190] Results

[0191] Baseline characteristics. The baseline characteris-
tics of each patient are shown in Table 5. The cycle length
was 0.82 sec in both cases, equivalent to the heart rate of
approximately 73 beats per minute. The LA volume in case
2 was approximately 2.3 times larger than that of case 1,
whereas the LAA volume of case 2 was smaller than the case
1.

TABLE 5

Baseline characteristics.

case 1 case 2
Cyele length sec 0.82 0.82
LA volume (0% RR) ml 96.8 227.3
LAA volume (0% RR) ml 13.9 8.47
LV volume (0% RR) ml 135 160

LA, left atrium;

LV, left ventricle;

LAA, left atrial appendage;

RR, c¢lectrocardiographic R-R interval.

[0192] Time course of left atrial and left atrial appendage
volume. The time course of LA and LAA volume with
reference to the ventricular end-diastole was calculated in
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both cases from motion estimation results (FIG. 11, bottom
row). The time course clearly showed three characteristic
phases of LA function in both cases: 1) Reservoir phase:
pulmonary venous return during the LV systole, 2) Conduit
phase: pulmonary venous return during the LV early dias-
tole, and 3) Booster pump phase: augmentation of the LV
filling during the L'V late diastole. In case 1, the LA volume
rapidly increased and reached its peak (volume increase ~35
ml) at the end of the reservoir phase. The LA volume fell to
a plateau at the end of the conduit phase, and further
decreased to return the baseline at the end of the booster
pump phase. The LAA volume showed a similar trend,
reaching its peak (volume increase ~15 ml) at the end of the
reservoir phase. Together, the LA and the LAA accounted for
approximately 60% of the LV filling volume, which is
consistent with our previous data in patients using cardiac
MRI**. In case 2, the LA volume increased during the
reservoir phase and reached its peak with a volume increase
of ~20 ml. Unlike case 1, the LA volume then rapidly fell to
close to the baseline during the conduit phase, and the
booster pump phase had only a small volume increase (<5
ml). Furthermore, the reservoir and the conduit phases were
longer, whereas the booster pump phase was shorter than
those of case 1. The LAA volume change was consistently
small during the entire cardiac phase (<5 ml).

[0193] Comparison between CFD and measurement
results. The flow features at the LA-LAA junction (LAA os)
was compared between the CFD results and clinical mea-
surement using pulsed-Doppler TEE in case 1 [red arrow in
FIG. 12A]. FIG. 12B shows the velocity magnitude mea-
sured over the cardiac cycle, which successfully captured
four characteristic features of blood flow in this location®: 1)
LAA filling: negative velocity with high magnitude; 2)
Systolic reflection waves: variable numbers of alternating
positive and negative velocities with diminishing magni-
tudes; 3) Farly diastolic LAA flow: positive velocity with
low magnitude; and 4) LAA contraction: positive velocity
with high magnitude. In this specific patient, the early
diastolic LAA flow included both positive and negative
velocities [FIG. 12B], which likely represents a complex
interaction between passive LAA emptying during rapid LV
filling and continuous LAA filling from PV inflow (cite ref
1). To compare the CFD results against the TEE measure-
ments, the corresponding sampling point and pulse direction
were identified in the mesh [FIG. 12C]. FIG. 12D shows the
velocity magnitude over time from the CFD results, which
successfully captured the four characteristic features of
blood flow with magnitudes similar to that of TEE measure-
ments (arrows 1-4).

[0194] Left atrial global flow characteristics. For the five
cardiac cycles calculated in each case, flow characteristics
reached a stable condition and became periodic within the
first three cardiac phases. Therefore, we did not include the
first two cardiac cycles but included only the last three
cardiac cycles in the final analysis.

[0195] FIG. 13 shows the streamlines of blood flow in a
representative cardiac cycle in the posterior view of the LA.
In case 1, the blood flow from both the left PVs swirled
clockwise along the top of the LA and the septum during the
reservoir phase [FIG. 13 (case 1, 26% RR)]. During the
conduit phase, this swirling flow was replaced by longitu-
dinal flow of high velocity magnitude coming from all PVs
to pass through the MV [FIG. 13 (case 1, 57% RR)]. At the
end of the conduit phase, the longitudinal flow was replaced
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transiently by the swirling flow [FIG. 13 (case 1, 73% RR)].
During the booster pump phase the swirling flow immedi-
ately disappeared, followed by appearance of the flow
coming into all PVs [FIG. 13 (case 1, 90% RR)]. Case 2 also
generated the clockwise swirling flow in the posterior view
[FIG. 13 (case 2, 20% RR)], which persisted throughout the
cardiac cycle (FIG. 13 (case 2, 53% RR); FIG. 13 (case 2,
75% RR); and FIG. 13 (case 2, 90% RR)]. The velocity
magnitudes were consistently small compared with those of
case 1.

[0196] The 3-D vortex structures visualized by the iso-
surface of q, are shown in FIG. 14. In case 1, the vortex rings
were generated at the superior segment of the LA due to the
flow coming out of each PV [FIG. 14 (case 1, 45% RR);
FIG. 14 (case 1, 58% RR)]. The vortex rings became larger
during the conduit phase [FIG. 14 (case 1, 77% RR)] and
expanded in the whole LA [FIG. 14 (case 1; 99% RR)]. In
contrast, in case 2 the vortex rings remained small consis-
tently throughout the cardiac cycle.

[0197] Left atrial appendage flow characteristics. FIG. 15
shows the time course of kinetic energy within the LAA in
both cases. In case 1, kinetic energy was 0.3x10™* J at
baseline, which reached the maximum at 1.7x107* J during
the mid-reservoir phase. It then decreased to 0.5x10™* J at
the end of the reservoir phase but increased again to 1.1x
10™* T until the mid-conduit phase. Kinetic energy then
decreased again to 0.3x10™* J and remained low until the end
of the conduit phase. It rapidly increased to 1.5x107* J at the
beginning of the booster pump phase and rapidly decreased
to the baseline at 0.3x10™* J. In case 2, kinetic energy was
approximately one order of magnitude smaller than that of
case 1. As in case 1, kinetic energy slightly increased during
the reservoir and the conduit phases. However, unlike case
1, there was no increase in kinetic energy during the booster
pump phase. In addition, although the booster pump phase
was shorter than that of case 1, kinetic energy did not go
back to the baseline until ~50 ms into the next cardiac cycle
due to a delay in each phase compared with case 1.

[0198] FIG. 16A shows the iso-surface of a passive scalar
$=0.8 at ventricular end-diastole for the last three cardiac
cycles (Beat 1-3). The results indicate that it took both cases
three full cardiac cycles to empty the bulk of blood out of the
LAA, although some amount of blood still remained at the
periphery of the LAA at the end of Beat 3 (FIG. 16A (d)).
The time course of residual fraction is shown in FIG. 16B.
In FIG. 16B, the top line is case 1 and the bottom line is case
2. The residual fraction in both cases decreased with oscil-
lation mainly due to systolic reflection waves with alternat-
ing positive and negative velocities during the reservoir
phase. In both cases the residual fraction approached to zero
at the end of beat 3, which is consistent with FIG. 16A.
[0199] Discussion

[0200] In this study, we performed a personalized LA
blood flow analysis in two cases based on the patient-
specific LA structure, endocardial surface motion and blood
outflow into the LV. The time course of the LA volume
clearly showed the three characteristic phases of the LA
function in both cases (FIG. 11, bottom row), which is
consistent with measurement results in our previous work
using cardiac MRI'*. However, the duration of each phase
and the magnitude of volume change were substantially
different between the two cases. These differences between
the two cases are likely related to patient-specific LA
structure and function. For example, the LA volume of case

May 3, 2018

2 was 2.3 times larger than that of case 1 (Table 5), and this
abnormal structure may account for the longer reservoir and
conduit phases and smaller magnitudes of volume changes
in case 2 compared with those of case 1. These differences
underscore the strength of our personalized approach, which
provides clinically relevant patient-specific data.

[0201] The time course of the LA global blood flow in case
1 successfully recapitulates the blood flow characteristics of
the healthy human LA, including 1) Reservoir phase:
appearance of a swirling flow mainly from the left PVs in the
LA; 2) Early conduit phase: disappearance of the swirling
flow; 3) End of conduit phase: reappearance of the swirling
flow; and 4) booster pump phase: disappearance of the
swirling flow and appearance of the flow coming into all the
PVs [FIG. 13 (top row)]. Our CFD framework also success-
fully reproduced the characteristic features of blood flow at
the LAA os. Therefore, we believe that our computational
framework for the personalized blood flow analysis is robust
and can be used clinically to evaluate the global features of
the LA blood flow field in individual patients.

[0202] It is important to note that the cardiac CT protocol
from which motion estimation for the personalized blood
flow analysis is performed is clinically practical. With a
current state-of-the-art 320-slice multidetector CT scanner,
the contrast-to-noise ratio sufficient for the motion estima-
tion can be obtained with a radiation dose of <0.8 mSv using
alow-dose cardiac functional CT protocol with retrospective
ECG gating. This radiation dose is equivalent to that of less
than two mammograms?,

[0203] The LAA is the most common site of intracardiac
thrombus®, therefore evaluation of blood flow characteristics
within the LAA is clinically important for assessment of
cardioembolic stroke risk. We chose to use flow kinetic
energy to quantify the strength of and evaluate the charac-
teristics of blood flow within the LAA because it is a
straightforward scalar parameter that is physically meaning-
ful. We found that kinetic energy of the LAA was consis-
tently high during the reservoir phase in case 1, whereas
kinetic energy during the same phase in case 2 was substan-
tially smaller (FIG. 15). These findings suggest that the high
kinetic energy during the reservoir phase was caused by the
LAA filling as the LA swirling flow entered the LAA [FIG.
13 (case 1, 26% RR)]. Since depressed LA reservoir func-
tion during normal sinus rhythm is associated with stroke'®,
it is possible that the high kinetic energy during the reservoir
phase contributes to maintaining the blood flow in and out
of the LAA to minimize blood stasis that could lead to
thrombogenesis. However, since neither case 1 nor case 2
had a history of stroke, further study with a larger sample
size is needed to confirm this speculation.

[0204] In contrast to kinetic energy, the time course of
LAA emptying by passive-scalar transport analysis was
similar in both cases, despite the substantial difference in the
LA structure and function. In case 1, the blood almost
completely flowed away from the LAA by the end of Beat
3 but a small amount remained in the periphery of the LAA,
primarily because of the complex LAA morphology. In case
2, the blood steadily flowed away from the LAA by the end
of Beat 3, but remained in some small peripheral regions of
the LAA similar to case 1 [FIG. 16A(d)]. In fact, it was
unexpected to find a similar time course in these two cases
with substantial difference in the degree of structural remod-
eling [FIG. 16B]. This somewhat counterintuitive finding
implies that a smaller size and a relatively simple morphol-
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ogy of the LAA in case 2 may promote blood emptying and
compensate for the flow dissipation due to structural remod-
eling. These findings are also consistent with previous
reports that patients with a simpler LAA morphology are
less associated with stroke than those with more complex
LAA morphology**>!7. Since our methodology allows per-
sonalized LA blood flow analysis that incorporates a number
of clinically important patient-specific factors such as the
LA/LAA size, LA/LAA function, and the LAA morphology,
it can be used to improve our understanding of the mecha-
nism of intracardiac thrombosis and stroke in individual
patients with LA structural remodeling.

[0205] Conclusions. We developed a computational
framework to perform CT-based, personalized blood flow
analysis in the LA. Our methodology successfully computes
the LA blood flow using the patient-specific LA structure
and function obtained from the cardiac CT images. Our
personalized LA blood flow analysis is a clinically feasible
methodology that can be used to improve our understanding
of the mechanism of intracardiac thrombosis and stroke in
individual patients with LA structural remodeling.

[0206] Mesh Convergence Study

[0207] To assess the impact of the size of volumetric
elements on the CFD results, we created three different
meshes with different base element sizes in case 1. The
number of volumetric elements in the original mesh was
366,909; the coarse mesh included 260,443 (29% fewer than
the original mesh); and the fine mesh included 601,081 (68%
more than the original mesh). The results of the mesh
converge study are shown below: left atrial appendage
kinetic energy (F1G. 17; FIG. 15); residual fraction (FIG. 18;
FIG. 16); and flow velocity magnitude (FIG. 19; FIG. 12).
In FIG. 18, 181, 183 and 185 indicate the original, coarse
and fine meshes, respectively.

[0208] For example, the time course of the kinetic energy
(FIG. 17) from three different meshes agreed well with each
other. In FIG. 17, 171, 173 and 175 indicate the original,
coarse and fine meshes, respectively. The mean difference in
the kinetic energy over a cardiac cycle was 6.6% between
the original and the fine mesh and 6.4% between the original
and the coarse mesh. The impact of volumetric element size
on the time course of residual fraction (FIG. 18) and flow
velocity magnitude in the left atrial appendage (FIG. 19) was
similarly small. Of note, during the early diastolic LAA flow
(arrow 3) in FIG. 19, the original mesh shows a positive
velocity whereas the other two meshes show a negative
velocity, both of which are of small magnitudes. In FIG. 19,
191, 193 and 195 indicate the original, coarse and fine
meshes, respectively. This finding is indeed consistent with
the clinical measurements from the transesophageal
echocardiogram (TEE) shown in FIG. 12B in the main text,
which included both positive and negative velocities of
small magnitudes. This TEE finding likely represents a
complex interaction between passive LAA emptying during
rapid LV filling and continuous LAA filling from PV inflow.
[0209] Based on these results, we conclude that the size of
volumetric elements does not substantially influence the
solutions in this study.

[0210] CFD Solver in OpenFOAM

[0211] We solved the Navier-Stokes equation (eq. 2) and
the continuity equation (eq. 3) with moving boundary con-
ditions by the CFD scheme implemented in OpenFOAM
(“pimpleDymFoam™). The time derivative is discretized by
the first-order implicit Euler scheme and the convection term
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is treated by the total variation diminishing scheme using the
Sweby limiter*®. Volume mesh deformation is expressed by
solving the Laplace equation. In this study, we assigned a
zero-gradient boundary to the distal end of the pulmonary
veins (PVs), and also to the mitral valve (MV) annulus
during ventricular systole. We assigned u(t) calculated in eq.
1 to the remaining the nodes of the whole surface boundary.
[0212] Spatiotemporal Interpolation of the Displacement
Field in the Pulmonary Veins and the Left Ventricle
[0213] We interpolated the four-dimensional displacement
fields smoothly in the pulmonary veins (PVs) and the left
ventricular (LV) surfaces to avoid generating defect volume
elements with high aspect ratio or non-orthogonality. We
modeled the discrete displacement fields u, given in 20
phases (i=1, 2, . .., 20) assigned to all points of the surface
meshes by the Laplace equation at each phase 1.

V2u,~0. ®)

[0214] We solved eq. 8 by a Galerkin finite element
method using a linear shape function associated with nodes
of the triangle surface mesh. For the LV surface, we assigned
the Dirichlet boundary conditions to the displacement fields
of the basal surface (=mitral valve annulus) derived from the
motion estimation. We also constrained the displacement
fields of the apical surface to zero except for the direction
orthogonal to the basal surface, which allows displacement
to represent the LV volume change measured from the CT
images (FIG. 11, top row) at each phase. For the PV surface,
we assigned the Dirichlet boundary condition to the dis-
placement fields at each PV-left atrial (LA) junction derived
from the motion estimation.

[0215] Convection-Diffusion Equation Solver in Open-
FOAM
[0216] The solver for the convection-diffusion equation

(eq. 6) for the passive-scalar transport analysis is imple-
mented in OpenFOAM. The time derivative and the con-
vection term are treated as in the CFD simulation. In our
study, we assigned the following boundary conditions: endo-
cardial surface, passive scalar=0; pulmonary veins (PVs),
zero-gradient for flow coming into the PVs, and passive
scalar=0 for flow going out of PVs.
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Example 4

Personalized Risk Prediction of Silent Brain
Infarction using Computational Fluid Dynamics

[0252] Atrial fibrillation (Afib) is associated with an
increased risk of stroke'. The current approach to estimate
the risk of stroke in Afib patients is the CHA,DS,-VAS .
scoring system [Cardiac failure, Hypertension, Age, Diabe-
tes, Stroke/transient ischemic attack (TIA), VAscular dis-
ease, and Sex category], and oral anticoagulation (AC) is
recommended for those with a score of 2 or greater”. Afib is
also associated with silent brain infarction (SBI)*~, defined
as evidence of brain infarction on imaging with no clinical
symptoms. SBI accounts for cognitive decline associated
with Afib, including cognitive impairment® ” and dementia®
9, in stroke-free individuals. Although cognitive decline is a
substantial burden on patients, families, and the health care
system'°, the knowledge as to how to predict the risk of SBI
in individuals with Afib is lacking. This is particularly
important for individuals with the CHA,DS,-VAS - score of
0 or 1 who are considered a “low-risk” and thus not
indicated for AC by the current guidelines.

[0253] Recently, extended electrocardiographic (ECG)
monitoring revealed that most patients with acute stroke had
no evidence of Afib within 1 month prior to the event'"” 2,
These findings strongly indicate that Afib may be a marker
of elevated thromboembolic risk, but may not be mechanis-
tically responsible for the events'®. Instead, alterations in
cardiac structure and function that serve as an arrhythmic
substrate for Afib may be causally related to thromboem-
bolism. For example, indices of left atrial (LA) structural
remodeling, including larger LA size**"?, larger extent of
LA fibrosis*°, lower LA function®', and lower LA append-
age function® in sinus rhythm are known markers of stroke,
SBI and cognitive decline®>’.

[0254] We have developed a computational fluid dynamics
(CFD) methodology®® to conduct personalized blood flow
analysis in the LA and LA appendage using the patient’s
cardiac CT (FIG. 20). CFD is a powerful tool to potentially
link all the markers of structural remodeling and blood flow
characteristics in the LA. This exciting new methodology
can noninvasively quantify the blood flow not only in the left
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atrium but also in the LA appendage®’, the most common
site of intracardiac thrombus®® 2°, which would otherwise
require invasive transesophageal echocardiography (TEE).
The CFD results agree well with clinical measurements by
TEE.

[0255] We propose a time-sensitive study which aims to
characterize LA structural remodeling in Afib patients using
cardiac CT. Our objective is to investigate the impact of
personalized LA blood flow analysis on cerebrovascular
disease such as stroke, TTA and SBI. Our hypothesis is that
personalized LA blood flow analysis in sinus rhythm can
distinguish patients with and without a history of stroke and
predict SBI independent of traditional stroke risk factors.
This ancillary study represents a unique opportunity to
leverage both our novel CT-based CFD framework and the
strengths of Johns Hopkins University in quantitative and
clinical cardiac electrophysiology to achieve the following
two specific aims:

[0256] Aim 1. Determine how personalized LA blood flow
analysis can distinguish patients with and without a history
of stroke. We will evaluate the cross-sectional association of
personalized LA blood flow analysis with a history of stroke
or TTA in a total of 30 patients, and adjust for traditional
stroke risk factors such as the CHA,DS,-VAS. score. We
will determine how the CFD parameters, such as flow
velocity magnitude, vortex structures, LA appendage kinetic
energy and LA appendage residual fraction, differ between
patients with (n=15) and without a history of stroke or TIA
(n=13).

[0257] Aim 2. Determine how personalized LA blood flow
analysis can predict silent brain infarction. We will evaluate
the association of personalized LA blood flow analysis with
SBI on brain MRI 6-12 months after cardiac CT in a pilot
study of 30 patients, and adjust for traditional stroke risk
factors and AC use.
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[0287] The embodiments illustrated and discussed in this

specification are intended only to teach those skilled in the

art how to make and use the invention. In describing
embodiments of the invention, specific terminology is
employed for the sake of clarity. However, the invention is
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not intended to be limited to the specific terminology so
selected. The above-described embodiments of the invention
may be modified or varied, without departing from the
invention, as appreciated by those skilled in the art in light
of the above teachings. It is therefore to be understood that,
within the scope of the claims and their equivalents, the
invention may be practiced otherwise than as specifically
described.

1. A method of performing a computerized cardiac simu-
lation for at least one of diagnosis, risk assessment or
treatment planning, comprising:

receiving, by a computer, a plurality of three-dimensional

cardiac images of a subject’s heart such that each one
of the plurality of three-dimensional cardiac images
corresponds to a different phase of a single cardiac
cycle of said subject’s heart;

modeling structure, using said computer, of a left atrium

of said subject as a function of time using said plurality
of three-dimensional cardiac images of said subject’s
heart;
modeling blood flow, using said computer, within, into
and out of said left atrium of said subject as a function
of time using computational fluidic dynamics and using
structure of said left atrium obtained from at least one
of said plurality of three-dimensional cardiac images or
said modeling structure of said left atrium;
simulating at least one of time dependent structural func-
tion or time-dependent blood flow of said left atrium
using results from said modeling structure and said
modeling blood flow for a selected period of time; and

providing information to a user from said simulating of
the at least one time dependent structural function or
time-dependent blood flow of said left atrium for use in
at least one of diagnosis, risk assessment or treatment
planning for a physiological effect related to function of
said left atrium of said subject.

2. The method of claim 1, wherein said plurality of
three-dimensional cardiac images of said subject’s heart are
obtained from a noninvasive imaging modality.

3. The method of claim 1, wherein said plurality of
three-dimensional cardiac images of said subject’s heart are
obtained from at least one of CT, MRI, PET, SPECT, or
ultrasound imaging.

4. The method of claim 1, wherein said plurality of
three-dimensional cardiac images of said subject’s heart are
selected from a group consisting at least five three-dimen-
sional cardiac images within a single cardiac cycle and at
least twenty three-dimensional cardiac images within a
single cardiac cycle.

5. (canceled)

6. The method of claim 1, wherein said providing infor-
mation to said user from said simulating of the at least one
time dependent structural function or time-dependent blood
flow of said left atrium provides information for use in at
least one of a diagnosis or risk assessment for stroke or
dementia.

7. The method of claim 1, wherein said providing infor-
mation to said user from said simulating provides informa-
tion in a form of a three dimensional map.

8. The method of claim 7, wherein said three dimensional
map is a dynamic map that changes in time in correspon-
dence to said selected period of time of said simulating.

9. The method of claim 1, wherein said providing infor-
mation to said user from said simulating provides informa-
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tion including at least one of a residual blood flow in the left
atrium and/or a left atrial appendage, shear rate on a left
atrial wall, vortex formation in the left atrium, blood flow
across a mitral valve, changes in volume of a left ventricle,
blood flow in a pulmonary vein, and blood flow across an
aortic valve.

10. The method according to claim 1, wherein at least one
of modeling structure or said modeling blood flow includes
one selected from a group consisting of adding effects of one
or more administered compound designed to change a fluid
property of the blood, adding effects of at least one planned
or actual treatment, and adding effects based on empirical
data from said subject.

11.-12. (canceled)

13. The method according to claim 1, wherein said
plurality of three-dimensional cardiac images have a reso-
lution of at least 2 mm.

14. (canceled)

15. The system of claim 40, further comprising a nonin-
vasive imaging modality in communication with said pro-
Cessor.

16. The system of claim 40, further comprising an imag-
ing system in communication with said processor, wherein
said imaging system is configured to perform at least one of
CT, MR, PET, SPECT, or ultrasound imaging.

17. The system of claim 40, wherein said plurality of
three-dimensional cardiac images of said subject’s heart are
selected from a group consisting at least five three-dimen-
sional cardiac images within a single cardiac cycle and at
least twenty three-dimensional cardiac images within a
single cardiac cycle.

18.-19. (canceled)

20. The system of claim 40, wherein said processor is
further configured to provide information to said user from
said simulation in a form of a three dimensional map.

21. The system of claim 20, wherein said three dimen-
sional map is a dynamic map that changes in time in
correspondence to said selected period of time of said
simulation.

22. The system of claim 40, wherein said processor is
further configured to provide information to said user
including at least one of a residual blood flow in the left
atrium and/or a left atrial appendage, shear rate on a left
atrial wall, vortex formation in the left atrium, blood flow
across a mitral valve, changes in volume of a left ventricle,
blood flow in a pulmonary vein, and blood flow across an
aortic valve from said simulating.

23. The system according to claim 40, wherein said
processor is further configured to generate a model structure
or a model of blood flow including one chosen from a group
consisting of adding effects of one or more administered
compound designed to change a fluid property of the blood,
adding effects of at least one planned or actual treatment or
generate a model of blood flow including adding effects of
at least one planned or actual treatment, and adding effects
based on empirical data from said subject or generate a
model of blood flow including adding effects based on
empirical data from said subject.

24.-25. (canceled)

26. The system of claim 40, wherein said processor is
further configured to receive a plurality of three-dimensional
cardiac images having a resolution of at least 2 mm.

27. A computer readable medium comprising a non-
transient computer readable program that upon execution by
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a processor causes the processor to perform a computerized
cardiac simulation for at least one of diagnosis, risk assess-
ment or treatment planning, comprising:
receiving, by a computer, a plurality of three-dimensional
cardiac images of a subject’s heart such that each one
of the plurality of three-dimensional cardiac image
corresponds to a different phase of a single cardiac
cycle of said subject’s heart;
modeling structure, using said computer, of a left atrium
of said subject as a function of time using said plurality
of three-dimensional cardiac images of said subject’s
heart;
modeling blood flow, using said computer, within, into
and out of said left atrium of said subject as a function
of time using computational fluidic dynamics and using
structure of said left atrium obtained from at least one
of said plurality of three-dimensional cardiac images or
said modeling structure of said left atrium;
simulating at least one of time dependent structural func-
tion or time-dependent blood flow of said left atrium
using results from said modeling structure and said
modeling blood flow for a selected period of time; and
providing information to a user from said simulating at
least one of time dependent structural function or
time-dependent blood flow of said left atrium for use in
at least one of diagnosis, risk assessment or treatment
planning for a physiological effect related to function of
said left atrium of said subject.
28.-39. (canceled)
40. A system for performing a computerized cardiac
simulation for at least one of diagnosis, risk assessment or
treatment planning, comprising:
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a processor; and

a noninvasive imaging modality in communication with
said processor,

wherein said processor is configured to receive a plurality
of three-dimensional cardiac images of a subject’s heart
such that each one of the plurality of three-dimensional
cardiac images corresponds to a different phase of a
single cardiac cycle of said subject’s heart,

wherein said processor is configured to generate a model
structure of a left atrium of said subject as a function of
time using said plurality of three-dimensional cardiac
images of said subject’s heart,

wherein said processor is configured to generate a model
of blood flow within, into and out of said left atrium of
said subject as a function of time using computational
fluidic dynamics and using structure of said left atrium
obtained from at least one of said plurality of three-
dimensional cardiac images or said model structure of
said left atrium,

wherein said processor is configured to generate a simu-
lation of at least one of time dependent structural
function or time-dependent blood flow of said left
atrium using results from said model structure and said
model of blood flow for a selected period of time, and

wherein said processor is configured to provide informa-
tion to a user from said simulation of the at least one
time dependent structural function or time-dependent
blood flow of said left atrium for use in at least one of
diagnosis, risk assessment or treatment planning for a
physiological effect related to function of said left
atrium of said subject.
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