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Mapping and Quantifyving Blood Stasis and Thrombus Risk in the
Heart

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Application Serial No. 62/259,494, filed
on November 24, 2015. The disclosure of the prior application is considered part of the

disclosure of this application, and is incorporated in its entirety into this application.

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with Government support under Grant No. 1R21
HL108268-01 awarded by the National Institutes of Health. The Government has certain

rights in the invention.

TECHNICAL FIELD
This invention relates to generally to cardiac care, and more particularly to
methods for determining intracardiac thrombosis risk in a patient by assessing the

location and extent of intraventricular stasis regions inside a cardiac chamber.

BACKGROUND

Cardiovascular diseases are the leading cause of mortality worldwide and are
projected to cause more than 20 million deaths per year by 2030. Cardioembolic stroke is
one of the most devastating consequences of cardiac diseases, both in terms of mortality
and disability. In embolic strokes, a blood clot or other material travels to the brain from
another site and occludes a blood vessel, thereby depriving the brain of the needed blood
flow (and associated oxygen and glucose supplies); this results in the death of the cells
that are usually supplied by this blood flow. The most common source for these emboli is
the heart. Blood clots, otherwise known as thrombi, can form in patients with atrial
fibrillation, heart valves, artificial materials (e.g., artificial hearts, vascular stents, and the

like), or significant heart disease.
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Three major mechanisms promote intracardiac thrombosis and embolism in
cardiac diseases. First, endocardial injury, due to surgery, chronic stretch or ischemic
necrosis, activates clot formation by exposing pro-coagulation factors of the basal
membrane. Additionally, cardiac diseases are frequently associated with chronic
inflammation, and increased catecholamine and inflammatory cytokine levels, which
induce a systemic hypercoagulable state. Finally, blood flow stagnation triggers the
activation of the coagulation system. These three predisposing factors are classically
known as “Virchow’s triad” (Lowe 2003). Diseases such as atrial fibrillation, myocardial
infarction, dilated and hypertrophic cardiomyopathies are well-established conditions that
increase the risk of cardiac embolisms by a combination of these three mechanisms.

Anticoagulation therapy has proven to be effective for decreasing the risk of
cardioembolic events. However, the benefits of anticoagulation are frequently neutralized
by the increased hemorrhagic risk associated with this therapy (Massie et al 2009). In
fact, most clinical trials assessing the efficacy of primary prevention of anticoagulation
therapy in non-atrial fibrillation (non-AF) cardioembolic diseases have been negative or
neutral (Bakalli et al 2013, Homma et al 2012). These trials have been based on clinical
risk factors and demographic variables, because precision individualized risk assessment
methods are lacking. We hypothesize that imaging-based biomarkers are particularly well
suited for this purpose.

Mechanical left-ventricular-assisted-devices (LVADs) are being used as temporary
and destination therapies in an increasing number of patients with end-stage heart failure
(HF) (Toeg et al 2014). However, intraventricular thrombosis is a well-recognized
complication of LVADs and may lead to device malfunction and embolism. A
quantitative and individualized topologic assessment of the chamber regions at particular
risk for thrombus development may help to define the ideal locations for the insertion of
the LVAD cannulas on a patient-specific basis and, to optimize the device operating
settings.

Flow in the heart involves complex fluid transport and mixing processes (Bermejo
et al 2015). Intracardiac transport and mixing depends on convoluted trajectories of flow

inside the chambers (Kilner et al 2000, Wigstrom et al 1999, Zhang et al 2012) as well as
2
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on the dynamical interactions between incoming flow and residual flow from preceding
cycles (Bolger et al 2007). In the healthy heart, these phenomena result in a small
residual volume with no associated blood stasis. However, intraventricular flow patterns
are significantly altered by disease (Bermejo et al 2014, Eriksson et al 2013, Hong et al
2008, Rodriguez Munoz et al 2013). How these disturbed flow dynamics may lead to
increased blood stasis is only beginning to be understood (Eriksson et al 2013, Hendabadi
et al 2013).

Currently, there are no tools capable of a high-throughput measurement of flow
stasis in the clinical setting. It would be desirable, therefore, to provide methods capable
of a high-throughput measurement of flow stasis in the clinical setting to inform

treatment options for patients at risk for thrombus formation.

SUMMARY

In some aspects, the disclosure provides methods for identifying regions of blood
flow stasis inside a cardiac chamber or blood vessel of a subject comprising obtaining
flow-velocity images of blood inside a cardiac chamber or blood vessel of the subject,
calculating the residence time (7%), the standard deviation of the residence time (o),
kinetic energy, and/or rate of distortion of blood particles inside the cardiac chamber or
blood vessel using the flow-velocity images to generate numerical metrics of blood flow,
and generating residence time (7r), kinetic energy, and/or rate of distortion maps using
the numerical metrics to identify and characterize regions of blood flow stasis.

In some aspects, the disclosure provides methods for estimating risk of
intracardiac or intravascular thrombus or of embolism originating in a cardiac chamber or
blood vessel in a subject comprising obtaining flow-velocity images of blood inside any
cardiac chamber or blood vessel, calculating the residence time (7z), the standard
deviation of the residence time (oy), the kinetic energy, and/or rate of distortion of blood
particles inside the cardiac chamber or blood vessel using the flow-velocity images to
generate numerical metrics of blood flow, and generating an intracardiac or intravascular

thrombus risk assessment using the numerical metrics to determine regions of blood flow
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stasis inside the cardiac chamber or blood vessel, wherein regions of blood flow stasis are
predictive of risk of intracardiac or intravascular thrombus or of embolism.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating the blood flow’s residence time (7r) inside the cardiac chamber or
blood vessel. In some embodiments of all aspects, generating numerical metrics of blood
flow comprises calculating the standard deviation of the residence time (o) inside the
cardiac chamber or blood vessel. In some embodiments of all aspects, generating
numerical metrics of blood flow comprises calculating and comparing both the blood
flow’s residence time (7r) and the standard deviation of the residence time (oy) inside the
cardiac chamber or blood vessel. In some embodiments, a 7 that is high compared to oy
is indicative of blood flow stasis.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating the blood flow’s standard deviation of the residence time (o)
inside the cardiac chamber or blood vessel. In some embodiments, calculating the blood
flow’s standard deviation of the residence time is performed for regions with high blood
flow residence time inside the cardiac chamber.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating the blood flow’s kinetic energy inside the cardiac chamber or blood
vessel. In some embodiments, calculating the blood flow’s kinetic energy is performed
for regions with high blood flow residence time inside the cardiac chamber or blood
vessel.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating the rate of distortion of blood flow inside the cardiac chamber or
blood vessel. In some embodiments, generating numerical metrics of blood flow
comprises calculating the blood flow’s rate of distortion in regions with high blood flow
residence time inside the cardiac chamber or blood vessel.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating a blood stasis timescale index.

In some embodiments of all aspects, generating numerical metrics of blood flow

further comprises calculating additional descriptors of the distribution of values of
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residence time from its probability density function p(x,7,7), in addition to 7 and its
standard deviation ;. In some embodiments, such additional descriptors include,
without limitation, skewness, kurtosis, median inter-quartile range, and/or other inter-
percentile ranges of p(x,7,7).

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating the size, shape, mobility, distance to the chamber wall, and
perimeter in contact with the chamber wall of regions with blood stasis, e.g., of regions
with high blood flow residence time, of regions with high blood flow residence time and
low distortion rate, and regions with high residence time and high blood stasis timescale
index. In some embodiments, large, immobile regions, or/and regions that have more
perimeter in contact with chamber walls are identified as more prone to blood flow stasis.

The cardiac chamber or blood vessel can be any cardiac chamber or blood vessel
in which the blood velocity can be resolved. For example, the cardiac chamber can be
the left ventricular chamber, left atrium chamber, left atrial appendage, right-ventricular
chamber, or right atrium chamber. In some embodiments, regions of blood flow stasis
are determined by calculating the residence time (Tr), the standard deviation of the
residence time (oy), kinetic energy, and/or rate of distortion of blood particles in more
than one cardiac chamber or blood vessel (e.g., 2, 3, 4, 5, or more cardiac chambers or
blood vessels).

In some embodiments of all aspects, obtaining flow-velocity images of blood
inside a cardiac chamber or blood vessel is performed using a medical image-based
apparatus able to determine blood flow velocity field. For example, the medical image-
based apparatus can be an echocardiogram apparatus, a magnetic resonance imaging
(MRI) apparatus, an echocardiographic imaging apparatus, a 2D color-Doppler
velocimetry (echo-CDV) apparatus, an echo-particle-image-velocimetry (echo-PIV)
apparatus, a synthetic aperture ultrasound apparatus or a transverse oscillation ultrasound
vector velocimetry apparatus, or other medical image-based apparatus known to the
skilled artisan. Flow-velocity images obtained from the medical image-based apparatus
and suitable for the methods described herein include one, two, or three-dimensional

images resolved in time.
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In some embodiments of all aspects, multiple flow-velocity images are obtained
using different velocity scales, and wherein data from the obtained flow-velocity images
are retrospectively merged to generate flow maps, residence time (Tr) maps, kinetic
energy maps, rate of distortion maps, or combinations thereof.

In some embodiments of all aspects, calculating the residence time (Tr) of blood
particles includes utilizing the equation:

Mk vy 5T =1
In some embodiments of all aspects, calculating the residence time (Tr) of blood
particles in the presence of measurement noise includes utilizing the equation:

oTy .
—LHV@TR) =1+ V- (kVTp),

where the diffusivity coefficient & represents the uncertainty introduced by the
random noise in the measurement of the velocity field. In some embodiments of all
aspects, the numerical metrics of blood flow are used to identify size and/or location of
blood flow stasis within the cardiac chamber or blood vessel.

In some embodiments of all aspects, calculating the standard deviation of Tr

caused by the noise in the velocity measurements includes utilizing the equation:

or(x,t) = \/SR(x, t) — TE(x,t)

where Sy and T obey the equations:

otV @FTR) =1+ V- (kVTe)

95k .
W"‘ V- (USR) = ZTR + V- (k VSR),

where the diffusivity coefficient & represents the uncertainty introduced by the
random noise in the measurement of the velocity field. In some embodiments of all
aspects, the numerical metrics of blood flow are used to identify size and/or location of
blood flow stasis within the cardiac chamber or blood vessel.

In some embodiments of all aspects, a distribution of values of residence time

emerges at each instant of time and each point in space, which distribution of values of
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residence time is caused by noise in the velocity measurements, wherein a probability
density function of distribution p(7,x,?) is calculated utilizing the equation:

dp  d(vp) 6'p+6< 6p>
at ~  ax  oT  9x\ ax/

and wherein diffusivity coefficient k& represents uncertainty introduced by the
noise in the velocity measurements.

In some embodiments of all aspects, the numerical metrics of blood flow are used
to identify size and/or location of blood flow stasis within the cardiac chamber or blood
vessel.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating the size, shape, mobility, distance to the chamber wall, and
perimeter in contact with the chamber wall of regions with high blood flow residence
time.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating the blood flow’s kinetic energy in regions with high blood flow
residence time inside the cardiac chamber. In some embodiments of all aspects,
generating numerical metrics of blood flow comprises calculating the rate of distortion of
blood flow in regions with high blood flow residence time inside the cardiac chamber. In
some embodiments of all aspects, generating numerical metrics of blood flow comprises
calculating the blood stasis timescale stasis index in regions with high blood flow
residence time inside the cardiac chamber.

In some embodiments of all aspects, the numerical metrics of blood flow are used
to identify size and/or location of blood flow stasis within the cardiac chamber or blood
vessel.

In some embodiments of all aspects, the methods provided herein further
comprise identifying subjects having regions of increased blood flow stasis as being at
high risk of intracardiac thrombus, and identifying subjects not having regions of blood
flow stasis as being at low risk of intracardiac thrombus.

In some embodiments, the methods further comprise the prescription and dosing

of anti-coagulant therapy to subjects identified as being at increased risk of intracardiac
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thrombus. Examples of such anticoagulant therapy include, but are not limited to,
vitamin K antagonists, heparin and derivative substances, direct factor Xa inhibitors, and
direct thrombin inhibitors.

In some aspects, the disclosure provides methods comprising obtaining flow-
velocity images of blood inside a cardiac chamber or blood vessel of a subject,
calculating the residence time (TR), the standard deviation of the residence time (ay),
kinetic energy, and/or rate of distortion of blood particles inside the cardiac chamber or
blood vessel using the flow-velocity images to generate numerical metrics of blood flow,
and generating residence time (TR), kinetic energy, and/or rate of distortion maps using
the numerical metrics to identify and characterize regions of blood flow stasis as an
indicator of the efficacy of or need for cardiac resynchronization therapy in the subject.

In some embodiments of the methods provided herein, the subject is undergoing
cardiac resynchronization therapy. For such subjects, the methods can further comprise
altering the cardiac resynchronization therapy protocol for subjects identified as having
regions of altered or increased blood flow stasis. Altering the cardiac resynchronization
therapy protocol may include, for example, altering the atrio-ventricular (AV) delay,
altering the ventriculo-ventricular (VV) delay, or altering the location of a pacemaker or
pacemaker lead.

In some embodiments of the methods provided herein, the subject is not
undergoing cardiac resynchronization therapy. For such subjects, the methods can
further comprise selecting subjects having regions of altered or increased blood flow
stasis as being in need cardiac resynchronization therapy.

In some aspects, the disclosure provides method for optimizing cardiac
resynchronization therapy in a subject comprising calculating the residence time (TR) of
blood particles inside the cardiac chamber or blood vessel using the flow-velocity images
to generate numerical metrics of blood flow, calculating the residence time (TR) of blood
particles inside the cardiac chamber or blood vessel using the flow-velocity images to
generate numerical metrics of blood flow, generating a residence time map to
automatically segment and delineate the blood volume that is injected into the cardiac

chamber or blood vessel each cardiac cycle, generating a residence time map to
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automatically segment and delineate the blood volume that is ejected out of the cardiac
chamber or blood vessel each cardiac cycle, generating a residence time map to
automatically segment and delineate the direct blood volume that is comprised by the
fluid that is both injected during each cardiac cycle and also ejected during the same
cycle; and generating a residence time map to automatically segment and delineate the
residual blood volume that does not mix and does not overlap with injected or ejected
blood volumes each cardiac cycle.

In some embodiments of all aspects, the subject is not undergoing cardiac
resynchronization therapy. In some embodiments, the methods disclosed herein further
comprise selecting subjects having regions of altered injected volume, ejected volume,
residual volume, or combinations thereof, as being in need cardiac resynchronization
therapy

In some embodiments of all aspects, the subject is undergoing cardiac
resynchronization therapy. In some embodiments, the methods disclosed herein comprise
altering the cardiac resynchronization therapy protocol for subjects identified as having
regions of altered injected, ejected and/or residual volumes.

In some embodiments of all aspects, the methods disclosed herein further
comprise altering the atrio-ventricular (AV) delay, altering the ventriculo-ventricular
(VV) delay, or altering the location of a pacemaker or pacemaker lead in subjects
undergoing cardiac resynchronization therapy. In some embodiments, the methods
disclosed herein further comprise measuring the flow properties of injected, ejected
and/or residual volumes to optimize the cardiac resynchronization therapy.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating the kinetic energy of injected, ejected and residual volumes in the
cardiac chambers.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating the linear momentum of injected, ejected and residual volumes in

the cardiac chambers.
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In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating the shape, location and/or size of injected, ejected and residual
volumes in the cardiac chambers.

In some embodiments of all aspects, the methods described herein further
comprise determining the atrioventricular delay that maximizes the linear momentum
and/or kinetic transferred to the ejected fluid and/or the direct flow volumes.

In some aspects, the disclosure provides a fluid flow diagnostic system
comprising a sensing unit configured to obtain a plurality of flow-velocity images of
blood inside a cardiac chamber or blood vessel, and a processor configured to receive a
plurality of flow-velocity images, calculate the blood flow velocity inside any cardiac
chamber or blood vessel; and determine the location and extent of flow stasis in any
cardiac chamber or blood vessel.

In some embodiments of all aspects, the processor is configured to receive a
plurality of flow-velocity images (e.g., 2, 3,4, 5, 6, 7, 8, 9, 10, or more flow-velocity
images), calculate the blood flow’s kinetic energy and/or rate of distortion and blood
stasis timescale index inside the cardiac chamber or blood vessel; and determine the
spatiotemporal distribution of the blood residence time, kinetic energy, and/or rate of
distortion inside the cardiac chamber or blood vessel. In some embodiments, the
processor is configured to receive a plurality of flow-velocity images performed with
different velocity scales, as described herein.

In some embodiments of all aspects, the cardiac chamber is any cardiac chamber
or blood vessel in which the blood velocity can be resolved. In some embodiments of all
aspects, the sensing unit is a medical image-based apparatus able to determine blood flow
velocity field.

In some aspects, the disclosure provides methods for calculating blood transport
inside any cardiac chamber or blood vessel comprising obtaining flow-velocity images of
blood inside a cardiac chamber, calculating the residence time (7kr), the standard
deviation of the residence time (oy), kinetic energy, and/or rate of distortion of blood

particles inside a cardiac chamber using the flow-velocity images to generate numerical
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metrics of blood flow, and generating a blood transport maps using numerical metrics to
identify regions of decreased, increased, static or unaltered blood transit.

In some embodiments of all aspects, the numerical metrics of blood flow are used
to delineate blood transit maps that identify the size and/or location of blood flow
transport structures (e.g., direct flow (DF, blood that enters and exits the LV in the same
cardiac cycle), retained inflow (RI, incoming blood that is not ejected during the same
cycle), delayed ejection (DE, ejected blood that entered the LV in a previous cardiac
cycle), or residual flow (RF, blood that entered the LV in a previous cycle and is not
ejected in the current cycle, therefore residing in the LV for at least two cardiac cycles))
within the cardiac chamber or blood vessel. In some embodiments, in patients with
LVADs, the numerical metrics of blood flow are additionally used to map the size and/or
location of blood transport structures that transit from and/or into device flow elements
such as inflow and/or outflow cannulas.

In some embodiments of all aspects, blood transit maps are used to identify the
blood volumes that transit through a cardiac chamber or blood vessel during one beat.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating the momentum and orientation of the blood transit volumes.

In some embodiments of all aspects, the cardiac chamber is any cardiac chamber
or blood vessel in which the blood velocity can be resolved. In some embodiments of all
aspects, obtaining flow-velocity images of blood inside any cardiac chamber or blood
vessel is performed using any medical image-based apparatus able to determine blood
flow velocity field.

In some aspects, the disclosure provides methods for calculating blood transport
inside any cardiac chamber or blood vessel comprising obtaining flow-velocity images of
blood inside a cardiac chamber or blood vessel, calculating the residence time (7R), the
standard deviation of the residence time (o), kinetic energy, and/or linear momentum of
blood particles inside a cardiac chamber using the flow-velocity images to generate
numerical metrics of blood flow, and generating a blood transport maps using numerical

metrics to identify different transit regions of blood.
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The section headings used herein are for organizational purposes only and are not
to be construed as limiting the described subject matter in any way. When definitions of
terms in incorporated references appear to differ from the definitions provided in the
present teachings, the definition provided in the present teachings shall control. It will be
appreciated that there is an implied “about” prior to metrics such as temperatures,
concentrations, and times discussed in the present teachings, such that slight and
insubstantial deviations are within the scope of the present teachings herein. In this

application, the use of the singular includes the plural unless specifically stated otherwise.

2% 2% 2% 29 CC

Also, the use of “comprise,” “comprises,” “comprising,” “contain,” “contains,”

“containing,” “include,” “includes,” and “including” are not intended to be limiting. It is
to be understood that both the foregoing general description and the following detailed
description are exemplary and explanatory only and are not restrictive of the invention.
The articles “a” and “an” are used herein to refer to one or to more than one (i.e., to at
least one) of the grammatical object of the article. By way of example, “an element”
means one element or more than one element.

Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
invention belongs. Methods and materials are described herein for use in the present
invention; other, suitable methods and materials known in the art can also be used. The
materials, methods, and examples are illustrative only and not intended to be limiting.
All publications, patent applications, patents, sequences, database entries, and other
references mentioned herein are incorporated by reference in their entirety. In case of
conflict, the present specification, including definitions, will control.

The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the invention will be apparent from the description and drawings, and from

the claims.
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DESCRIPTION OF DRAWINGS

This application contains at least one drawing executed in color. Copies of this
patent or patent application publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

FIG. 1 displays 3D renderings of velocity fields and residence time maps in a pig
at mitral valve opening (panel A) and at the end of filling (panel B). Wireframe contour
depicts the LV volume segmentation. The magenta and contour lines identify the long-
axis plane that contains the mitral valve, apex and aortic valve. The vortical structures in
purple are visualized by isosurfaces of Act (imaginary part of the complex conjugate
eigenvalue of Vv).

FIG. 2 displays snapshots of 2-D intraventricular residence time along the cardiac
cycle in a healthy heart (panel A) and in two different examples of non-ischemic dilated
cardiomyopathy (NIDCM) patients (panels B & C). 1st row: Residence Time mapping at
the mitral valve opening in the converged N-1 cycle. 2nd row: Residence Time mapping
at peak E-wave in the last computed cycle. 3rd row: Residence Time mapping at the iso-
volumetric contraction in the last computed cycle. 4th row: Residence Time mapping at
mitral valve opening in the last cycle. Notice that in both NIDCMs there coexist different
regions with high Tr.

FIG. 3 displays snapshots of 2-D K and 75 before mitral valve opening in the last
converged cardiac cycle in a healthy heart (A) and in two different examples of NIDCM
(B & C). 1* row: Kinetic energy density (K) mapping in the regions with in the regions
with 7k > 2 s. 2™ row: Distortion time (7%) in the regions with 7k > 2 s. The NIDCM-2
case 1s at risk of apical blood stasis given the combination of low K and large 7.

FIG. 4 displays snapshots of 2-D intraventricular residence time along the cardiac
cycle in a patient before (panel A) and after (panel B) LVAD implantation. The apically
located inflow LVAD cannula is represented in magenta. 1st row A: Residence Time
mapping at the mitral valve opening in the converged N-1 cycle. 2nd row: Residence
Time mapping at E-wave peak in the last computed cycle. 3rd row: Residence Time
mapping at the onset of isovolumic contraction in the last computed cycle. 4th row:
Residence Time mapping at mitral valve opening in the last cycle.

13
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FIG. 5 displays examples of region tracking (row A) and time evolution of Vr
(row B), Tm2 (row C), Km (row D), Tsm2 (row E) along the last converged cycle in all
the 2-D studied cases: Healthy heart (1st col), NIDCM-1 (2nd col), NIDCM-2 (3rd col),
Pre-VAD (4th col) and Post-VAD (5th col). Line colors correspond to each of the tracked
regions (row A) and their average (black).

FIG. 6 demonstrates pulse wave Doppler inflow velocity as a function of time in a
patient without CRT (A), and undergoing CRT at AVOPT (B), AVMAX (C), AVMIN
(D), and atrial pacing at 100 bpm(E). In all the panels, the inflow velocity envelope is
shown in green and the mitral valve closure time is represented by a red-dashed vertical
line. Notice the truncation of the A wave for AVMIN, shortening the timing of atrial
driven filling, and the fusion of the E and A waves for tachycardia.

FIG. 7 demonstrates evolution of filling transport regions in the LV of the same
patient shown in Figures 1-2. Each column represents a different CRT setting: A) CRT-
OFF, B) AVOPT, C) AVMAX, D) AVMIN and E) Tachycardia (100 bpm). Each row
represents a different instant during diastole: the 1%, 2% 3 and 4 rows correspond
respectively to peak E wave, A-wave onset, peak A wave and MVC. In each panel, the
yellow and red regions track respectively the fluid that enters the LV during the E wave
and the A wave, whereas the blue background tracks the residual volume of blood that
occupies the LV at the onset of diastole. Instantaneous velocity vectors are shown in
black. In the Tachycardia setting the E/A-waves fusion is depicted in green.

FIG. 8 demonstrates %LV volume occupied by E-wave (panel A) and A-wave
(panel B) filling transport at mitral valve closing in patients (N=9) undergoing CRT with
different AV delay settings, compared with healthy volunteers (N=3). The data in each
column are plotted as univariate scatter plots and summarized in the form of boxplots. In
the patients, red and blue boxplots refer respectively CRTOFF and different AV delay
cases. Each symbol type refers to a different patient, and is colored in green (red) if CRT
makes the corresponding variable more (less) similar to the healthy subjects. The latter
are represented by a green boxplot.

FIG. 9 demonstrates end-diastolic distribution of different transport regions in the

LV of the same patient shown in Figures 1 — 3, plotted for different CRT settings
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(CRTOFF, AVOPT, AVMIN, AVMAX and Tachycardia). The different regions
represented are direct flow (green), retained inflow (yellow), delayed ejection (blue) and
residual flow (red).

FIG. 10 demonstrates statistics of intraventricular blood redirection efficiency at
aortic valve opening in patients (N=9) undergoing CRT with different AV delay settings,
compared with healthy volunteers (N=3). A) Fraction of LV volume that undergoes direct
flow in the imaged plane, npr = Spr/Syy. B) Fraction of LV occupied by residual volume
in the imaged plane, Agxr = Sgr/Siy. C) Fraction of total kinetic energy in the L'V contained
in the direct flow region, Ay = Kgr/K;y. D) Fraction of total kinetic energy in the LV
contained in the residual volume, g = Kpr/K;y. E) Net acceleration communicated to the
direct flow region in the direction of the outflow tract, normalized by the total acceleration

magnitude, ny = % The data in each column are plotted as univariate scatter plots

and summarized in the form of boxplots. In the patients, red and blue boxplots refer
respectively CRTOFF and different AV delay cases. Each symbol type refers to a different
patient, and is colored in green (red) if CRT makes the corresponding variable more (less)
similar to the healthy subjects. The latter are represented by a green boxplot.

FIG. 11 is a flow-chart demonstrating an overview of the methods used for image
acquisition and processing for the study described in Example 3. 2D+t: unsteady 2-
dimensional. Tr: Residence Time.

FIGs. 12A-D demonstrates boxplots of Conventional Echocardiographic
parameters at enrollment for all patients with (blue) and without (red) LV thrombus.

FIG. 12A: End Systolic Volume Index (ml/m2). FIG. 12B: Ejection Fraction (%). FIG.
12C: Size of the most apical blood region with Residence time > 2 s (% of Area). FIG

12D: endocardial contact length of the most apical blood region with Residence time > 2

s (m).

DETAILED DESCRIPTION
In patients at risk of intraventricular thrombosis, the benefits of chronic

anticoagulation therapy need to be balanced with the pro-hemorrhagic effects of therapy.
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Blood stasis in the cardiac chambers is a recognized risk factor for intracardiac
thrombosis and potential cardiogenic embolic events.

The present disclosure is based, in part, on the discovery of novel flow image-
based method to assess the location and extent of intraventricular stasis regions inside the
a cardiac chamber or blood vessel by digital processing flow-velocity images obtained
either by phase-contrast magnetic resonance (PCMR), 2D color-Doppler velocimetry
(echo-CDYV), echo-particle-image-velocimetry (echo-PIV), synthetic aperture ultrasound
imaging, ultrasound vector velocimetry by transverse oscillation, direct PIV obtained by
optical scanning of natural or artificial blood flow tracers. In general, any method suitable
for providing a spatio-temporal distribution of flow velocity inside the cardiovascular
system can be used. This approach is based on quantifying the distribution of the blood
Residence Time (7r) from time-resolved blood velocity fields in the cardiac chamber or
blood vessel. In one aspect, the methods provided herein enable in-vivo assessment of
the location and extent of the stasis regions in the LV cardiac chamber or blood vessel.
Original metrics were developed to integrate flow properties into simple scalars suitable
for a robust and personalized assessment of the risk of thrombosis. The early prediction
of blood stasis in a cardiac chamber or blood vessel allows for directed use of
anticoagulant or other (e.g., mechanical, surgical, or electrophysiologic) therapy for the
purpose of primary and secondary prevention, which, ultimately, result in a decreased
occurrence of strokes.

In some embodiments, methods disclosed herein comprise the prescription and
dosing of anti-coagulant therapy to subjects identified as being at increased risk of
intracardiac thrombus. Examples of such anticoagulant therapy include, but are not
limited to, vitamin K antagonists, heparin and derivative substances, direct factor Xa
inhibitors, and direct thrombin inhibitors.

In some embodiments, methods disclosed herein further comprise the
administration of mechanical treatments to subjects identified as being at increased risk
of intracardiac thrombus. Examples of such therapies include, but are not limited to,
procedures and surgeries to remove or alter cardiac structures, or exclude blood flow

from structures via intracardiac or extracardiac devices. Specific surgical examples
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include, but are not limited to, ventricular aneurysmectomy surgery and the AtriClip
Gillinov-Cosgrove Left Atrial Appendage Exclusion system. Specific procedure
examples include, but are not limited to, the Watchman Left Atrial Appendage Closure
device and the LARIAT® Suture Delivery Device.

In some embodiments, methods disclosed herein further comprise administration
of electrophysiologic treatments to subjects identified as being at increased risk of
intracardiac thrombus. Examples of such therapies include, but are not limited to,
procedures and/or surgeries to alter and/or ablate electrical heart rhythms and/or
conduction patterns in the heart. In some embodiments, such procedures and/or surgeries
can ablate atrial fibrillation.

The early prediction of blood stasis in a cardiac chamber or blood vessel may
result in a decrease in strokes by appropriate use of anticoagulant therapy, appropriate use
of mechanical surgical or procedural treatments to remove or alter cardiac structures or
exclude blood flow from structures via intracardiac or extracardiac devices, or
appropriate use of electrophysiologic surgical or procedural therapies to alter and/or
ablate electrical heart thythms and/or conduction patterns in the heart (including atrial
fibrillation ablation) for the purpose of primary and secondary prevention. It may also
have a significant impact on left ventricular assist device (LVAD) device design and
operation set-up.

The methods disclosed herein rely on direct measurement of blood flow inside the
cardiac chambers, instead of on numerical simulations of said flow, which are
computationally expensive, and usually rely on geometrical oversimplifications about the
heart’s anatomy (e.g. valves, papillary muscles, trabeculae carnae, etc.), as well as
oversimplified models of blood rheology. Furthermore, in some aspects, the methods
provided herein are based on the solution of a transport equation to obtain the
spatiotemporal distribution of residence time inside the cardiac chambers, which is much
more efficient than releasing virtual particles and tracking their trajectories. The approach
can be used to analyze cardiac imaging data obtained using standard modalities. These
innovations make the disclosed method more reliable and better suited for 1) high-

throughput clinical use and seamless integration within existing medical imaging devices
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and software tools, 2) evaluation of blood stasis in the four cardiac chambers rather than
just in the left ventricle.

In some aspects, methods disclosed herein (e.g., methods for identifying regions
of blood flow stasis inside a cardiac chamber or blood vessel of a subject, methods for
estimating risk of intracardiac or intravascular thrombus or of embolism originating in a
cardiac chamber or blood vessel in a subject, or methods for calculating blood transport
inside any cardiac chamber or blood vessel) include identifying regions of blood flow
stasis inside a cardiac chamber or blood vessel of a subject by obtaining flow-velocity
images of blood inside a cardiac chamber or blood vessel of the subject, and calculating
the residence time (7&), the standard deviation of the residence time (o), kinetic energy,
and/or rate of distortion of blood particles. As used herein, a “blood particle” is defined
as a fluid parcel of blood containing a very small amount of fluid that is identifiable
throughout its dynamic history while moving with the blood flow.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating the blood flow’s residence time (7r) inside the cardiac chamber or
blood vessel. In some embodiments of all aspects, generating numerical metrics of blood
flow comprises calculating the standard deviation of the residence time (o) inside the
cardiac chamber or blood vessel. In some embodiments of all aspects, generating
numerical metrics of blood flow comprises calculating both the blood flow’s residence
time (7r) and the standard deviation of the residence time (oy) inside the cardiac chamber
or blood vessel.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises comparing the flow’s residence time (7r) versus its standard deviation (oy)
inside the cardiac chamber or blood vessel. In some embodiments, in regions of a cardiac
chamber or blood vessel where 7k is high compared to op, the identification and/or
estimation of blood stasis is statistically more significant than in regions where 7z is low
compared to g. In some embodiments, regions of a cardiac chamber or blood vessel
where Tr - ag, or Tk - 205 and/or Tk - 30y, etc. are higher than a reference value (e.g., the
value of Tr observed in a cohort of patients that developed a thrombus in a clinical study)

are identified as regions of blood flow stasis. In some embodiments, regions of blood
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flow stasis are identified with a statistical significance of about 70%, 71%, 72%, 73%,
T4%, T5%, 76%, 77%, 78%, 79%., 80%., 81%, 82%, 83%, 84%, 85%. 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%., 97%, 98%, 99%, 99.1%, 99.2%, 99.3%,
99.4%, 99.5%, 99.6%, 99.7%, 99.8%, 99.9% or greater. In some embodiments, regions
of blood flow stasis are identified with statistical significance of 84%, 97.8% or 99.9%.
In some embodiments, regions of blood flow stasis that are identified with statistical
significance are predictive of risk of intracardiac or intravascular thrombus or of
embolism. In some embodiments, in regions of a cardiac chamber or blood vessel where
the ratio of TR to gy is higher than a reference ratio of TR to g3 (e.g., the ratio of Tr to
o observed in a cardiac chamber or blood vessel of a healthy subject)., the identification
and/or estimation of blood stasis is statistically more certain than where the ratio of Tr to
og 1s about the same or lower than the reference ratio of Tr to ;. In some embodiments,
regions of a cardiac chamber or blood vessel where the ratio of TR to gy, is high
compared to a reference ratio (e.g., the ratio of Tr to gz observed in a cardiac chamber or
blood vessel of a healthy subject) are identified as regions of blood flow stasis, and are
predictive of risk of intracardiac or intravascular thrombus or of embolism.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating additional descriptors of the probability distribution of the values
of the residence time (e.g., skewness, kurtosis, median, inter-quartile range and/or other
inter-percentile ranges) at each point in space and instant in time, in order to estimate the
statistical significance of the calculated values of Tx.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating the blood flow’s kinetic energy inside the cardiac chamber or blood
vessel. Kinetic energy measures the overall rate of motion of the blood particles inside a
blood region. In some embodiments, low values of kinetic energy in a residual blood
region (e.g., a blood region with high residence time) indicate that such region is stagnant
and, therefore, prone to thrombosis. In some embodiments of all aspects, generating
numerical metrics of blood flow comprises calculating the standard deviation of the blood
flow’s kinetic energy inside the cardiac chamber or blood vessel. In some embodiments
of all aspects, generating numerical metrics of blood flow comprises calculating both the
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blood flow’s kinetic energy and the standard deviation of the blood flow’s kinetic energy
inside the cardiac chamber or blood vessel. In some embodiments, a kinetic energy that
is low compared to the standard of deviation of kinetic energy is indicative of blood flow
stasis, and is predictive of risk of intracardiac or intravascular thrombus or of embolism.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating the blood flow’s rate of distortion inside the cardiac chamber or
blood vessel. The rate of distortion measures the rate at which the distances of adjacent
blood particles change with time in the neighborhood of a given blood particle. In some
embodiments, low values of rate of distortion in a residual blood region (e.g., a blood
region with high residence time) indicate that such region is stagnant and, therefore,
prone to thrombosis. In some embodiments of all aspects, generating numerical metrics
of blood flow comprises calculating the standard deviation of the blood flow’s rate of
distortion inside the cardiac chamber or blood vessel. In some embodiments of all
aspects, generating numerical metrics of blood flow comprises calculating both the blood
flow’s rate of distortion and the standard deviation of the blood flow’s rate of distortion
inside the cardiac chamber or blood vessel. In some embodiments, a rate of distortion
that is low compared to the standard of deviation of the rate of distortion is indicative of
blood flow stasis, and is predictive of risk of intracardiac or intravascular thrombus or of
embolism.

In some embodiments of all aspects, generating numerical metrics of blood flow
comprises calculating a blood stasis timescale index. As used herein, a “blood stasis
timescale index” is an index that is inversely related to the rate of distortion, and that
measures the amount of it that takes the flow to deform a given blood particle by an
amount comparable to the size of the blood particle. In some embodiments, high values
of a blood stasis timescale index in a residual blood region (e.g., a blood region with high
residence time) indicate that such region is stagnant and, therefore, prone to thrombosis.

In some aspects, the methods disclosed herein utilize a spatiotemporal velocity
map of blood flow in the heart as the input, together with anatomical images that are used
to segment the walls of the cardiac chambers. This data may be obtained using color

Doppler echocardiographic imaging, MRI with 4D flow, or other medical imaging
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techniques that provide velocity maps. The input data can consist of 2D or 3D time-
resolved image data. The velocity data is used to solve a transport equation with unit
forcing using the segmented wall positions to impose no penetration boundary conditions.
This solver provides the spatiotemporal distribution of the blood residence time inside the
cardiac chambers (7r). The residence time distribution is analyzed using spatiotemporal
clustering algorithms to identify residual regions with relative decreased mixing from
incoming flow.

In some aspects, methods disclosed herein (e.g., methods for identifying regions
of blood flow stasis inside a cardiac chamber or blood vessel of a subject, methods for
estimating risk of intracardiac or intravascular thrombus or of embolism originating in a
cardiac chamber or blood vessel in a subject, or methods for calculating blood transport
inside any cardiac chamber or blood vessel) include generating a residence time (Tr)
map, a kinetic energy map, and/or a rate of distortion map. In some embodiments, such
maps are generated using numerical metrics of blood flow (e.g., numerical metrics of
residence time (Tr), kinetic energy, and/or rate of distortion of blood particles obtained
from one or more flow-velocity images) to identify and characterize regions of blood
flow stasis.

In some embodiments of all aspects, methods disclosed herein include generating
a map of the standard deviation of the residence time (or), a map of the standard
deviation of kinetic energy, and/or a map of the standard deviation of the rate of
distortion. In some embodiments, such maps are generated using numerical metrics of
blood flow (e.g., numerical metrics of the standard deviation of the residence time (or),
the standard deviation of kinetic energy, and/or the standard deviation of the rate of
distortion of blood particles obtained from one or more flow-velocity images) to identify
and characterize regions of blood flow stasis, particularly their statistical significance.

In some embodiments, a medical image-based apparatus is operated to obtain
multiple flow-velocity images performed with different velocity scales (e.g., the encoding
velocity in phase contrast MRI or the color scale in Doppler echocardiography). In some
embodiments, one or more flow-velocity images are performed with velocity scales that

are significantly lower than the scales that are typically used (e.g., about 20 percent,
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about 25 percent, about 30 percent, about 35 percent, about 40 percent, about 45 percent,
about 50 percent, about 55 percent, about 60 percent, about 65 percent, about 70 percent,
about 75 percent, about 80 percent, or more lower than the scales that are typically used),
in addition to one or more flow-velocity images that are performed with the typically-
used velocity scales. In some embodiments, the data from the obtained multiple flow-
velocity images are retrospectively merged in order to expand the dynamical range of the
velocity measurements. In some embodiments, data from the obtained flow-velocity
images are retrospectively merged to generate residence time (Tr), kinetic energy, and/or
rate of distortion maps. In some embodiments, data from the obtained flow-velocity
images are retrospectively merged to generate maps of standard deviation of residence
time (oy), standard deviation of kinetic energy, and/or standard deviation of rate of
distortion. Obtaining multiple flow-velocity images as described herein is useful in
preventing overestimation of the residence time when there are regions where the blood
velocity falls below the minimum measurable velocity of a single velocity scale
acquisition (e.g., a velocity scale acquisition that is typically used). In some
embodiments, the medical image-based apparatus is operated to obtain 2, 3, 4, 5, 6, 7, 8,
9, 10 or more flow-velocity images (e.g., one, two, or three-dimensional flow-velocity
images resolved in time) performed with different velocity scales.

These residence time and flow velocity maps are then further processed to
provide numerical metrics of blood stasis and the locations of regions with increased
stasis. Specifically, the blood flow’s kinetic energy, defined as K = % (u? + v +w?),
where u, v and w are the three components of the flow velocity in an orthogonal
coordinate system, is determined. However, kinetic energy is not a Galilean invariant and
it could be possible for a fluid parcel to have high values of K while moving with little
distortion, similar to a rigid solid. Thus, the distortion of fluid particles, which is
quantified by the second invariant of the symmetric strain tensor, Qij = (dui/dx; +
duj/dxi)/2, is also computed. For an incompressible flow, the first invariant of Sij is zero
and the second invariant is defined as Qs = trace(Si2)/2. Note that Qs has dimensions of
squared inverse of time, so it can be used to define a second stasis timescale 7s = Q52 in

addition to 7kr.
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The size, position, shape, mobility, distance to cardiac wall, average kinetic
energy and average distortion time of each spatio-temporally clustered residual volume
are measured as a function of time. Colocalization and relative values of different metrics
are also analyzed. Together with the number of residual volumes, this analysis provides a
set of parameters that can be used to build a patient-specific risk index of blood stasis and
risk of thrombus formation in the cardiac chambers based on non-invasive clinical
images.

The present invention relates to methods useful for the characterization (e.g.,
clinical evaluation, diagnosis, classification, prediction, profiling) of a subject’s risk of
intracardiac thrombus formation and may benefit from treatment. As used herein,
diagnosing includes both diagnosing and aiding in diagnosing. Thus, other diagnostic
criteria may be evaluated in conjunction with the results of the methods in order to make
a diagnosis.

The term “subject” refers to an animal or human. Preferably, the subject is a
human. Subjects can also include non-human mammals. A human subject can be known
as a patient.

In some embodiments, the patient is experiencing or known to have experienced
in sinus rhythm with LV systolic dysfunction. Such patients are known to be at increased
risk of thrombus formation and subsequent embolic events (e.g. stroke) but currently the
vast majority of them are not being identified and treated with any anticoagulation
therapy, resulting in a high degree of morbidity and mortality.

In some embodiments, the patient is experiencing or known to have experienced
atrial fibrillation. Currently, such patients are risk-stratified based only on the basis of
demographic and comorbidity data based on previous cohorts, but no patient-specific
tools exist to optimally determine for which patients the risk/benefit of anticoagulation is
favorable.

In some embodiments, the patient has an implanted left ventricular assist device
(LVAD) and is at increased risk of thrombus formation. Thrombi in these patients can
cause systemic emboli as well as LVAD dysfunction. The methods provided herein may

be applied to these patients to determine: 1) pre-surgical optimization of device selection,
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2) optimization of device implantation, 3) optimization of LVAD settings including, but
not limited to, pump speed alteration, pump speed modulation, and the use of pump
settings to generate intermittent pulsatile flow, and 4) identification of patients for whom
the risk/benefit of anticoagulation therapy is favorable.

The disclosure further provides for the communication of results or diagnoses or
both to technicians, physicians or patients, for example. In certain embodiments,
computers will be used to communicate assay results or diagnoses or both to interested
parties, e.g., physicians and their patients.

In some embodiments of the invention, a diagnosis is communicated to the
subject as soon as possible after the diagnosis is obtained. The diagnosis may be
communicated to the subject by the subject's treating physician. Alternatively, the
diagnosis may be sent to a test subject by email or communicated to the subject by phone.
The diagnosis may be sent to a test subject by in the form of a report. A computer may be
used to communicate the diagnosis by email or phone. In certain embodiments, the
message containing results of a diagnostic test may be generated and delivered
automatically to the subject using a combination of computer hardware and software
which will be familiar to artisans skilled in telecommunications.

The terms “decrease”, “decreased”, “reduced”, “reduction” or ‘down-regulated”
are all used herein generally to mean a decrease by a statistically significant amount.
However, for avoidance of doubt, “reduced”, “reduction”, “decreased” or “decrease”
means a decrease by at least 10% as compared to a reference level, for example a
decrease by at least about 20%, or at least about 30%, or at least about 40%, or at least
about 50%, or at least about 60%, or at least about 70%, or at least about 80%, or at least
about 90% or up to and including a 100% decrease (i.e. absent level as compared to a
reference sample), or any decrease between 10-100% as compared to a reference level, or
at least about a 0.5-fold, or at least about a 1.0-fold, or at least about a 1.2-fold, or at least
about a 1.5-fold, or at least about a 2-fold, or at least about a 3-fold, or at least about a 4-
fold, or at least about a 5-fold or at least about a 10-fold decrease, or any decrease

between 1.0-fold and 10-fold or greater as compared to a reference level.
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The terms “increased”, “increase” or “up-regulated” are all used herein to
generally mean an increase by a statistically significant amount; for the avoidance of any
doubt, the terms “increased” or “increase” means an increase of at least 10% as compared
to a reference level, for example an increase of at least about 20%, or at least about 30%,
or at least about 40%, or at least about 50%, or at least about 60%, or at least about 70%,
or at least about 80%, or at least about 90% or up to and including a 100% increase or
any increase between 10-100% as compared to a reference level, or at least about a 0.5-
fold, or at least about a 1.0-fold, or at least about a 1.2-fold, or at least about a 1.5-fold, or
at least about a 2-fold, or at least about a 3-fold, or at least about a 4-fold, or at least
about a 5-fold or at least about a 10-fold increase, or any increase between 1.0-fold and

10-fold or greater as compared to a reference level.

EXAMPLES
The invention is further described in the following examples, which do not limit

the scope of the invention described in the claims.

Example 1

Provided below are illustrative examples of normal hearts, patients with non-
ischemic dilated cardiomyopathy and one patient before and after the implantation of an
LVAD. The present study was designed to implement a novel method for measuring and
mapping blood stasis in the heart. The purpose was to obtain individual quantitative
metrics of global and regional stasis from flow-velocity measurements in the LV. The
feasibility of the method was first tested in a high-resolution three-dimensional dataset of
LV flow velocity obtained in a large animal by phase-contrast magnetic resonance
(PCMRI). To generalize the applicability of the tool we also adapted the method to work
with ultrasound data. We analyzed data from healthy and diseased LVs, as well as before
and after LVAD implantation. We demonstrate the unique ability of the tool to identify
and track the regions at risk of blood stagnation, providing qualitative and topological

assessments of blood stasis in the LV.
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METHODS
Study Population

The present study is based on the following data: 1) high-resolution 3D PCMRI
data from a pig scanned under highly controlled heart and respiratory rates, and 2) color-
Doppler ultrasound datasets from 2 patients with non-ischemic dilated cardiomyopathy
(NIDCM), one healthy volunteer without known heart disease and no cardiovascular risk
factors, and one patient with end-stage HF both before and after LVAD implantation.
Ultrasound datasets were randomly selected from a large database of two-dimensional
velocity maps recruited at our institutions. The study protocol was approved by the local
institutional review committee and all subjects provided written informed consent for this

study. Clinical data are summarized in Table 1.

Table 1.

ID Age  Gender Regional Wall Motion H.R. EDV ESV EF
(b.p.m.) (mL) (mL) (%)
HEALTHY 51 F Normal 64 98 31 68
NIDCM-1 47 M Inferior & posterior akinesis 80 81 62 24
NIDCM-2 64 F Global hypokinesis 76 154 117 24
PRE-LVAD 63 F Inferior & septal akinesis 68 156 111 29
POST-LVAD 63 F LVAD 100 84 63 25

PIG 1 M Normal 76

H.R: Heart rate, EDV: End-Diastolic Volume, ESV: End-Systolic Volume, EF: Ejection
fraction, HEALTHY: healthy volunteer; NIDCM: non-ischemic dilated cardiomyopathy;
LVAD: left ventricle assist device.

3D PCMRI, Image Acquisition and Processing

A high-resolution 3D PCMRI of the LV together with its corresponding 3D
anatomical images were obtained in a male Large White pig under anesthesia, using a 3T
magnet (Achieva-Tx, Philips Medical Systems, Best, the Netherlands), equipped with a

32-channel cardiac phased-array surface coil. Images were acquired during spontaneous
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ventilation using retrospective electrocardiographic gating. 3D PCMRI images were
planned in a standard 4 and 2-chamber view to cover the entire LV from the level of the
mitral annulus to the apex. The following imaging parameters were used: FOV 240x240
mm, voxel size 2x2x4 mm, 1 NEX, SENSE 2, reconstructed heart phases 25
corresponding to a time resolution of 34 ms, PC flow directions RL-AP-FH, act. TR/TE
(ms)=6.0/3.7 and VENC of 100 cm/s, as similarly reported (Garcia-Alvarez et al
2013). The velocity field inside the ventricle was obtained from the phase data after
correcting for phase-aliasing artifacts through phase unwrapping of closed regions with
abnormal intensity gradient. Each anatomical image was post processed using a semi-
automatic volume segmentation tool in order to obtain the ventricle boundary surface
throughout the cardiac cycle. The segmentation method is based on a multi-resolution
level-set active contour optimized for heart segmentation (Gonzalez et al 2015).
2D Image Acquisition, Analysis and Processing

Comprehensive 2-dimensional (2D) B-mode and color-Doppler
echocardiographic examinations were performed using a Vivid 7 scanner and 2-4 MHz
transducers (General Electric Healthcare). The LV myocardial wall was segmented, and
its longitudinal and transversal strain were measured from the apical long-axis B-mode
sequences to delineate the endocardial boundary (EchoPac v.110.1.2, General Electric
Healthcare). We reconstructed the 2D+t flow field inside the LV using 2D echo color
Doppler velocimetry (echo-CDV), as previously described and validated in vitro (Garcia
et al 2010) and in vivo (Bermejo et al 2014). The 2D flow velocity fields together with
the LV segmentation were used to integrate the unit-forced transport equation and to
calculate the spatiotemporal evolution of blood residence time inside the LV (see below).
Conventional Doppler-echocardiographic data was recorded following current
recommendations (Lang et al 2015).
Residence Time

The time spent by a blood particle inside the LV can be evaluated by a scalar
magnitude known as Residence Time (7k). Using a Lagrangian approach, 7& evolution

can be described by the advection equation with unit forcing,
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0;Tp +V- (aincTR) =1,

where 7, is the velocity field. Previous works have considered a similar equation with a
non-zero mass diffusivity term (Esmaily-Moghadam et al 2013, Jozsa & Kramer 2000,
Mangual et al 2012), but we note that the self-diffusivity of blood is negligible compared
to its advective fluxes inside the LV (Bermejo et al 2015, Tarbell 2003). We provide the
first rigourous derivation of equation using statistical mechanics (1). In the absence of a
diffusive term, equation (1) can be completed with Dirichlet boundary conditions at the
inlet, S;,, when the blood coming from the left atrium enters the cardiac domain V .
Equation (1) was numerically integrated on a Cartesian grid using a second-order Finite
Volume discretization, in which Ty and v;,. were respectively interpolated at each cell’s
center and faces. We used a Total Variation Diminishing (TVD) flux limiting scheme
(LeVeque 2002) to avoid the numerical oscillations that would appear at the sharp
interfaces created by the transport process, particularly between fresh blood entering the
LV each cycle and the residual blood from previous cycles. A second-order time
integration scheme was adopted keeping the Courant—Friedrichs—Lewy (CFL) number
below 0.5 throughout the whole integration and using a variable time step, At bounded
between 5-0.3 ms for the 2D-echo-CDV and 33-0.5 ms for the 3D PCMRI data. The
velocity field at each integration step was obtained by linearly interpolating in time the
previous and the successive velocity acquisition data frames.

Spatio-temporally connected pixels with high residence time (e.g. 7z > 2 sec)
were clustered and stored for further analysis using in-house algorithms. Clusters smaller
than 2% LV volume (area in 2D) and clusters that did not span the whole cardiac cycle
were discarded and were not analyzed further.

PCMRI Velocity Regularization For Mass Conservation

Similar to other flow measurement techniques, PCMRI provides velocity fields
with noise that usually do not satisfy mass conservation (i.e. V - ¥;,,. # 0). Although noise
can be minimized by appropriate fine-tuning during data acquisition, appreciable errors
remain in current state-of-the-art PCMRI measurements (Busch et al 2013). Errors in

mass conservation are particularly troublesome for the purpose of analyzing blood
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transport and residence time because they introduce a spurious source term equals to
—TgV - Dy in the transport equation (1). This spurious term can generate undesired
variations in Ty that are not caused by convective blood transport.
In this work, we apply a solenoidal projection method to enforce the condition that the
PCMRI velocity field is incompressible (Chorin 1967). Note that, since the echo-CDV
fields are derived by enforcing mass conservation (Garcia et al 2010), they automatically
satisfy this condition. Briefly, a velocity field derived from a potential function ¢ is
added to the original field, ¥y: ¥;. = Vg + V. Imposing that v;,. is divergence-free
allows for calculating ¢ by solving a Poisson’s equation with non-homogeneous
Neumann boundary conditions at the LV walls. This problem was solved using a custom
Multi-Grid method developed in FORTRAN, interpolating the original domain onto a
Cartesian grid. The moving boundary was defined independently of the Cartesian grid by
using a sharp interface immersed boundary method (Mittal et al 2008).
Grid Sensitivity Analysis

While time-resolved 3D PCMRI provides invaluable information about the multi-
dimensional flow transport and stasis patterns in the LV, the moderate spatiotemporal
resolution (Ax=Ay= 0.94 mm, Az=2 mm & At= 33 ms) of this technique could pose a
potential limitation. To rule out this possibility, we performed a sensitivity analysis of the
dependence of the 7 maps on the time and space resolution in the echo-CDV data, which
is better resolved (Ax= 0.5 mm & At= 5 ms). We progressively deteriorated the resolution
of N=3 echo-CDYV datasets and computed the average L2 norm of the error in the 7x
fields as a function of Ax and At. Table 2 summarizes the results of this analysis, and
suggests that the resolution of the PCRMI data used in this work was sufficient to

accurately resolve the spatiotemporal evolution of the residence time.
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Table 2
dt [ms] 3.940.4 7.840.7 15.7%1.5 39.243.8 78475
_ Number of 200 100 50 20 10
input frames
256x256, Ref T 0.022 £+ 0.015 0.121+0.02 0.15+0.039 0.297 +0.104
0.3540.02 eference: R R T 0. . T U, . T 0. . T 0.
128x128, 0.123+0.018 0.124+0.018 0.154 +0.02 0.173 +0.029 0.28 + 0.092
= 0700 123+0. 124 +0. 154 £ 0. 173 £0. 28+0.
£
- 64x64,
3 0.212+0.027 0.21+0.028 0.218 +0.03 0.227 + 0.024 0.282 +0.075
> 1422008
2
x
x 32x32,
S 0.295 +0.028 0.293 +0.029 0.293+0.029 0.296 +0.028 0.32 +0.049
2.88+0.16
16x16,
0.394+0.035 0.395 +0.036 0.401 + 0.041 0.406 + 0.055 0.396 +0.035
5.96+0.32

Sensitivity analysis over 6 beats (6T): mean + standard deviation, of the L2 norm of the
error, defined below, compared to the reference frame in 3 different cases.

lerrll, = J j;

fn (Ts = Tp)2dxdy dt/J;

t=6T

=0

f T dxdy dt
0

Derivation of Partial Differential Equations for the Residence Time, the Standard
Deviation of The Residence Time, and the probability density function of the Residence
Time.

In this section, we derive the continuum equation for the residence time of a fluid
parcel based on the stochastic analysis of the residence time of its constituent particles.
The stochastic derivation is done in 1D without loss of generality.

We consider a fluid particle with position, x, which varies as the particle moves with
local flow velocity, v, and due to Brownian fluctuations. The Langevin equations for the

particle’s position and residence time, 7, are

% = v+ 2Vk £(8), (2)
ar _ 3)
T
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where &(¢t) is a random forcing with a Dirac delta correlation function, and % is the
diffusivity of the fluid particle within the rest of the fluid (Gardiner 2004). From these
equations, it is straightforward to derive the Fokker—Planck equation for the probability
density function, p(x,7,1),

dp _ 0(vp) _6_p+i<k6_p> (4)
ot 0x aT = dx\ oax/

Notice that the relevant coefficient in equation (4) is diffusivity and not the viscosity, as
at a microstructural level mass diffusion between two instants of time requires change of
position while momentum diffusion requires particle collision, which can occur without
change of position. The diffusivity coefficient &£ can arise from the natural microstructural
agitation of the fluid and its multiphasic components (e.g., red blood cells, platelets and
plasma) and/or it can be an artificial diffusivity that models the stochastic stirring caused
by the random noise in the measurement of the velocity field. To obtain an equation for

the continuum residence time, one can multiply by 7" equation (4), yielding

d(Tp)  9(Tvp) dp 0 ( 0(Tp) (5)
ac  ox _TﬁJ’&(k dx )

This equation can be integrated in 7 between * infinity to obtain a governing equation for
the ensemble average of 7,

Tr(x,t) = f_oo T p(x,T,t)dT, (6)

which is the residence time of the fluid parcel at each position and instant of time.

The only non-trivial term when integrating eq. (5) is

T— dT. 7
f_w v 7)

Equation (7) can be handled by parts resulting in

[9 T2 dT = Tpl® — [ pdT = —1. (8)

It is straightforward to see that the first term in the right-hand-side of equation (8) needs
to be zero if p is integrable, and that the integral of p must be equal to 1 sincep is a

probability density function. Thus, combining equations (5), (6) and (8), one arrives at:
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a(TR) _0(TR) oT
at ax D (k E) ©)

The natural mass diffusivity of blood is customarily considered much smaller than its
kinematic viscosity, and it is not expected to play an important role in influencing particle
trajectories, platelet-surface contact frequency and dissociative binding phenomena under
flow at physiological shear rates (Fournier 2012, Leonard et al 1972, Mody & King 2007,
Peattie 2013). Therefore, if we set & = 0, which is analogous to previous studies of LV
blood transport based on the deterministic integration of fluid particle trajectories

(Hendabadi et al 2013, Wigstrom et al 1999), equation (9) becomes

Ty
3t —+ V- (Tr¥) =1 (10)

which is the 1D analogous of equation (1).

Similarly, we can obtain an evolution equation for the standard deviation of 7, which is
useful to estimate the uncertainty in the measurement of residence time. In this case, we
multiply by 72 equation (4), which yields

oT?p) _  o(T?vp) 7200 0 ka(sz) (11)
at 0x oT = dx dx

We integrate this equation in T between —oo and oo similar to what was done to derive

eq. (9), obtaining

O(SR) O(USR) 0 < 05R>
+ = 2Ty +—
0

ot dx K ox

where

SR(x,t)=f T?p(x, T, t)dT,

is the second-order moment of the residence time of the fluid parcel at each position and
instant of time. Solving for S; and Ty allows us to determine the standard deviation of

the residence time as

or(x,t) = \/SR(x, t) — TE(x, t)

To determine the evolution of the whole probability density function of 7, rather than just

its average or standard deviation, we can integrate equation (4) directly, with a Dirac
32



10

15

20

25

30

WO 2017/091746 PCT/US2016/063626

Delta centered at 7=0 (whole probability distribution concentrated at 7=0) as initial and

inlet boundary condition.

DISCUSSION
Residence Time in 3D

The 3D+t spatiotemporal distribution of TR in the LV was calculated from
PCMRI data. FIG. 1 displays 3D renderings of TR at mitral valve opening and at
isovolumic contraction. The velocity field shows the strong diastolic jet and associated
vortex ring that characterizes LV filling flow (Bermejo et al 2015). In this ventricle the
region of highest TR is located close to the apex, and extends towards the aortic tract
along the anteroseptal wall. This residence time pattern agrees well with the pattern
observed in normal human LVs (see example in FIG. 2, panel A). The three-
dimensionality of the TR field is evident in FIG. 1, and is caused by the complexity of
intraventricular blood flow and transport during the cardiac cycle. However, the main
features of this field are well captured in the three-chamber view (delineated by the
magenta contour in FIG. 1), particularly the maximum value of TR and its apical
location. This result is important because our approach to estimate TR using
conventional echocardiography is performed from velocity fields acquired in the three-
chamber view.
LV Residence Time in Non-Ischemic Dilated Cardiomyopathy

Dilated cardiomyopathy is a condition associated with increased risk of
intraventricular thrombosis. The normal LV flow pattern has been reported to recycle the
blood volume inside the left ventricle every 2-3 beats (FIG. 2, panel A) (Bolger et al
2007, Eriksson et al 2010, Hendabadi et al 2013, Watanabe et al 2008). However, blood
transport is significantly altered in patients with NIDCM by the large swirling flow
patterns that are typical of this condition (FIG. 2, panels B & C) (Bermejo et al 2014,
Hendabadi et al 2013). In these patients, blood is trapped inside long-lasting vortices and
undergoes rotation throughout most of the cardiac cycle. Blood trapped in these vortices
has high residence time but is not stagnant. Thus, proper assessment of intraventricular

stasis should consider factors such as the distortion of fluid particles and their kinetic
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energy density in addition to 7z. The kinetic energy density of a fluid particle, defined as
K = (u? +v?2)/2, can be used together with 7k as an intuitive indicator of stasis. However,
kinetic energy is not a Galilean invariant and it could be possible for a fluid parcel to
have high values of K while moving with little distortion, similar to a rigid solid. The
distortion of a fluid particle can be quantified by the second invariant of the symmetric
strain tensor Sj; = (axj u; + 0,u;)/2. For an incompressible flow, the first invariant of S;; is
zero and the second invariant is defined as Q¢ = trace(SiZj) /2. Note that s has dimensions
of squared inverse of time, so it can be used to define a second stasis timescale Ts =
Q" in addition to 7.

FIG. 3 shows the spatial distributions of K and 7% in the regions with 7z > 2 s for
the same ventricles of FIG. 2, at the end of diastole. As expected, the normal LV (FIG. 3,
panel A) does not show any significant region with 7z > 2 s. There is a small cluster
located near the endocardium but it has relatively high K and low 7s. Interestingly, both
dilated LVs (FIG. 3, panels B & C) show large regions with 7z > 2 s located at the center
of the chamber but these regions are associated with high values of K and low values of
Ts. This indicates that blood is continuously being stirred by the LV flow patterns in this
centrally located region despite having high 7z. By contrast, the second diseased LV
(FIG. 3, panel C) shows a separate, apically located region with 7z > 2 sec that also has
low K and high 75, and is therefore stagnant. These results illustrate how the combined
analysis of the spatiotemporal Lagrangian patterns of residence time and Eulerian
measures of fluid motion and distortion can provide clinically accessible information
about intraventricular blood stasis from conventional color-Doppler datasets.
Changes in Blood Stasis After LVAD Implantation

Implantable cardiac assist devices, particularly LVADs, are considered to alter the
physiological blood flow patterns in the heart, leading to increased risk of thrombosis
(Bluestein 2004, Wong et al 2014). Among the three elements of Virchov’s triad,
abnormal flow patterns present the most complex challenge to improve device design and
post-implantation patient management (Kormos 2015). However, blood stasis has not

been previously measured in the patients implanted with LVADs.
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FIG. 4 shows residence time maps along a cardiac cycle in a patient with NIDCM,
mitral regurgitation and end-stage HF before and 1 month after LVAD implantation. The
pre-LVAD condition (FIG. 4 panel A) shows a large region with 7z > 2 s located at the
center of the chamber, which is caused by the large swirling region that is sustained
during most of the cardiac cycle in this dilated heart. This large swirling pattern is
indicated by the circular instantaneous streamlines in FIG. 4, panel A. Consistent with the
results presented in FIG 3, this region is associated with relatively high values of kinetic
energy density and low values of 75, implying that this region is not stagnant. However,
this flow and stasis pattern are significantly altered after LVAD implantation, as the flow
is channeled from the mitral annulus to the LVAD inflow cannula located at the LV apex,
instead of transiting towards the outflow tract (magenta line in FIG. 4, panel B). As a
result, a region with high residence time, moderate low kinetic energy and moderate low
fluid distortion (moderately high 75) appears near the LV outflow tract. These factors
combined are the hallmark of blood stasis, suggesting a hemodynamic explanation for
clinical reports of mural thrombosis in the LV outflow tract of LVAD-implanted patients
(May-Newman et al 2013). These in vivo results are in agreement with previous in vifro
experiments performed using a cardiac simulator (Wong et al 2014), although it should
be noted that the drastic LV volume unloading caused by LVAD implantation was not
modeled in the in vitro study.

Simplified Residence Time Indices

An additional challenge in introducing clinically relevant indices of LV blood
stasis is to incorporate metrics that integrate the spatiotemporal nature of the 7r
distributions, together with additional parameters such as K or 75, into simple metrics that
can be used to compare values between patients. Therefore, we identified Lagrangian
clusters of residual volume formed by spatiotemporally connected pixels with 7z > 2 sec
(FIG. 5, A), and plotted the following indices as a function of time for each Lagrangian
cluster: /) Relative LV volume (area in 2D) occupied by each cluster (Vx, FIG. 5, B), 2)
spatially-averaged value of 7% in each cluster (7ru 2, FIG. 5, C), 3) spatially-averaged
value of K in each cluster (Kiz2, FIG. 5, D), and 4) spatially-averaged value of 7sin each
cluster (7sus2, FIG. 5, E).
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The temporal profiles of }7r varied periodically, implying that the numerical
integration of eq. 1 achieved numerical convergence. Consistent with the instantaneous
maps in Figure 2, the diseased hearts showed higher values of V'7z than the healthy
volunteer throughout the cardiac cycle. Remarkably, in the NIDCM cases, the profiles of
Trus2 increased from beat to beat, indicating that there is a persistent residual volume of
blood that does not mix with incoming blood in these ventricles. Conversely, 7ru2
varied periodically for the healthy case, suggesting that blood is not indefinitely trapped
in healthy ventricles. Separate analysis of each 7r>2 s Lagrangian cluster for diseased
LVs showed that the apically located residual volume in NIDCM case 2 had significantly
higher values of 7su2 and significantly lower values of Kz than all other residual
volumes in NIDCM cases 1 and 2. These data suggest that it is possible to derive
simplified indices of stasis from the Doppler-derived spatiotemporal maps of 7, 7s and
K. Furthermore, our results indicate that individual analyses of intracavitary residual
volumes help to unmask blood stasis in patients with more than one residual volume
region.

To further simplify the potential clinical application of these stasis indices, we
considered temporally averaging the time-varying indices defined above for each
Lagrangian cluster of residual volume. The time-averaged indices are denoted with an
overline (e.g. Vi) and are summarized in Table 3 for the subjects analyzed in this pilot
study. To facilitate the identification of each cluster, its normalized average apical
location, X,, is included in the table (O indicates basal and 1 indicates apical). Despite the
small number of cases, we found marked differences in time-averaged stasis indices in
patients with NIDCM and healthy volunteers, as well as in the patient with HF before and
after LVAD implantation. The values of Vri in the diseased LVs ranged between 20%
and 50%, much higher than the healthy case which had less than 2.5%. The secular
variation of 7ra2 in the diseased cases rendered Tyy , meaningless in those cases.
Conversely, the values of Ky, and Tsy ; were not relevant in the healthy case and for the
secondary residual volumes of cases NIDCM 1, NIDCM2 and the pre-LVAD case, which
had insignificant size. Consistent with the results presented in the previous sections, the

apical residual volume of NIDCM case 2 had an appreciable size (Vrg = 7%), its value of
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Km, was considerably low and its value of Tsy , was considerably high. Likewise, in the

LVAD patient, Vg, Ky 2, and Tsy, reflect the increase of blood stasis risk near the
outflow tract after LVAD implantation. These results suggest that the time-averaged
stasis indices were able to capture the subtle differences in the spatiotemporal stasis

patterns found in those two ventricles.

Table 3.
#
Residual
volumes o
- — = — X
(T>2s Cluste Vrr Tam 2 Tom.2 K 2 (n?)r.) Viro Temzo Tsmzo Kmzo
CASE clusters) r (nor.) (sec) (sec) (m)/m3) (nor.) (s) (s) (mJ/m3)
HEALTHY 1 1 0.023 2.33 0.64 2.0 0.92
1 0.26 secular 0.25 134 0.43
NIDCM-1 2 0.14 Secular 0.34 7.74
2 0.025 secular 0.43 2.1 0.85
1 0.14 secular 0.48 4.8 0.28
NIDCM-2 2 0.10 Secular 2.36 2.49
2 0.068 secular 4.3 0.19 0.86
1 0.47 secular 0.28 10.0 0.51
PRE-VAD 2 0.25 secular  0.47 4.03
2 0.023 secular 0.66 2.2 0.40
POST-VAD 1 1 0.17 secular 0.45 4.0 0.32

HEALTHY:: healthy volunteer; NIDCM: non-ischemic dilated cardiomyopathy; LVAD: left ventricle assist
device. Vg : Normalized fraction of chamber volume (Area in 2D) occupied by blood with 7z >2 s,
averaged over the cardiac cycle. Tgm,; : Mean residence time in the region with 7z > 2 s, averaged over the
cardiac cycle. Tgy » : Mean distortion time scale in the region with 7% >2 sec, averaged over the cardiac
cycle. Ky » : Mean kinetic energy density in the region with 7z >2 s, averaged over the cardiac cycle. X, :
Normalized average cluster apical location. Subindex 0 denotes the average of all the regions with 7z >2 s.

The examples provided above demonstrate implementation of an in vivo method
to generate multi-dimensional spatiotemporal maps of LV blood stasis. The inventors
also derive simplified patient-specific stasis metrics that integrate these maps and can be
used to guide personalized clinical decision-making. This new method is based on the
quantification of the residence time spent by blood particles inside a cardiac chamber

since entering the chamber, which is obtained by integrating a transport equation with
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unit forcing. A residence time threshold can be used to automatically segment and label
residual blood volumes that do not mix with the fresh blood entering a cardiac chamber
each cardiac cycle, and which are potentially stagnant. By analyzing the kinetic energy
and the rate of distortion of each one of these residual volumes the methods disclosed
herein discern whether blood is stagnant inside a cardiac chamber. This semi-Lagrangian
categorization has been shown to anticipate thrombogenic regions in a pilot study in
patients with acute myocardial infarction (Devesa et al 2015).

To illustrate the residence time mapping methodology, the inventors assessed
intraventricular blood stasis in several representative LV examples. The healthy LV
presented residual volumes of small size in comparison to NIDCM patients. Conversely,
the inventors observed large residual volumes inside the persistent swirling flow patterns
that develop in dilated LVs (Bermejo et al 2014). These results are concordant with
previous studies based on echo-CDV and PCMRI (Bolger et al 2007, Eriksson et al 2010,
Eriksson et al 2011, Hendabadi et al 2013).

Further analysis of the fluid’s kinetic energy and rate of distortion suggests that,
although the blood inside these residual volumes barely mixes with fresh blood entering
the LV each cardiac cycle, it is continuously stirred by the surrounding fluid. Therefore,
it was concluded that the large swirling flow pattern that develops in dilated LVs does not
necessarily induce blood stasis. In addition to this frequent pattern, some diseased LVs
had other regions of high residence time that were also associated with low kinetic energy
and low rates of distortion, and which were eftectively stagnant. Thus, the present
invention allows clinicians to assess the degree of intraventricular blood stasis on an
individualized basis.

By combining echo-CDV and residence time mapping, we obtained the first
quantification of intraventricular blood stasis in patients with LVADs. The results
provided above suggest that intraventricular blood stasis in the LV AD-assisted heart can
be higher than prior to implanting the device, particularly near the left ventricular outflow
tract, a region reported to be thrombogenic during continuous LVAD support (May-
Newman et al 2013). Mapping methods as the one proposed herein show an excellent

potential to correlate stagnant regions with local and global wall motion abnormalities.
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This type of analysis may be useful in optimally choosing the insertion sites for the
LVAD cannulas on a per-patient basis.

The methods disclosed herein relies on clinical access to time-resolved
intracavitary velocity fields but is independent of the imaging modality employed to
measure intraventricular velocity. In this work, the inventors exploited this flexibility to
obtain 7z maps from both 3D+t PCMRI and 2D+t echo-CDV velocity fields. This
allowed use of each modality to evaluate the limitations of the other, namely the
spatiotemporal resolution in PCMRI and the planar flow simplification in echo-CDV.
The analysis of residence time maps derived from 3D+t PCMRI showed that both the key
spatial features and numerical values of 7z are well represented in the long-axis three-
chamber plane imaged by 2D echo-CDV. The inventors performed a sensitivity analysis
on echo-CVD data with progressively coarsened spatial and temporal resolutions,
concluding that the resolution of the PCRMI velocity fields used in this work was
adequate to accurately quantify intraventricular blood stasis. However, this method may
be sensitive to low-scale velocities.

Currently, blood stasis inside the cardiac chamber is not assessed in the clinical
setting. Echo-CDV has important practical advantages, as it is fast, clinically feasible,
does not require infusion of contrast agents, and it can be safely performed in patients
implanted with LVADs. A limitation of this approach is that it neglects the effect on
mixing of intraventricular anatomical elements such as papillary muscles and endocardial
trabeculae, which can locally increase mixing (Bermejo et al 2015). This may be
particularly important at the endocardial surface, where our approach predicts high
residence time values. This limitation could be addressed by including a mass-diffusivity
term in eq. (1) with a spatially varying coefficient that would need to be determined from
high-resolution anatomical imaging. Additionally, there is no doubt that the planar flow
simplification may lead to inaccuracies in the estimation of L'V blood transport. However,
the impact of these and other technical issues needs to be balanced against the potential
clinical benefit offered by the new method. In this context, a pilot study suggests that

echo-CDV-derived indices of blood stasis may be able to predict LV thrombus formation
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in patients with acute myocardial infarction (Devesa et al 2015), a condition in which an
individualized assessment of the risk of thrombosis is particularly necessary.

In summary, the inventors have developed a method to quantify and map
intraventricular stasis from flow-velocity measurements which is suitable for bedside
clinical application. Using this method, important physiological consequences of a
number of cardiovascular procedures can now be addressed. Interventions such as valve
replacement, resynchronization therapy, correction or palliation of congenital cardiac
defects, and surgical ventricular restoration are all known to heavily disturb physiological
flow dynamics.

Example 2

Dyssynchrony is associated with a higher risk of both worsened failure and
sudden cardiac death [3]. In addition to intraventricular conduction abnormalities,
patients with dyssynchrony also frequently have associated impaired conduction from the
atria to the ventricles. Atrioventricular (AV) dyssynchrony further impairs the ability of
the failing heart to pump blood, worsening the severity of HF [4-8].

Cardiac resynchronization therapy (CRT) is a well-established non-
pharmacological treatment for congestive HF. CRT recovers the physiological activation
pathways, improving cardiac function and clinical outcomes in patients who associate HF
and dyssynchrony. When applied to adequately selected patient populations, CRT has a
positive impact on symptoms, quality of life and mortality [9,10]. This therapy is used to
restore coordinated pumping of the ventricles by using a specialized cardiac pacemaker.
Unfortunately, between 25% and 30% of patients receiving CRT do not show the
expected benefits. It has been suggested that achieving a favorable CRT response may in
part depend on proper device programming [11-13]. Therefore, optimization of the AV
delay has been shown to improve cardiac output and may be necessary in up to 55% of
CRT patients during follow-up [14-16]. However, the best method to optimize the AV
delay is still controversial [17,18].

Nature has optimized the coupling of molecular, electrical and mechanical
processes of the heart, leading to flow patterns that minimize energy losses and facilitate

the smooth redirection of incoming blood towards the outflow tract [19-22]. The

40



10

15

20

25

30

WO 2017/091746 PCT/US2016/063626

interaction between wall mechanics and intracavitary flow establishes fluid transport
barriers, which separate the blood that transits from inflow directly to outflow each
cardiac cycle from the blood that is retained inside the LV [22-26]. Lagrangian particle
tracking using time-resolved 3D phase-contrast MRI velocity fields [27] and analysis of
Lagrangian coherent structures (LCS) have been instrumental to quantify these transport
barriers [28,22]. However, these methods are based on expensive calculations of the
trajectories of virtual fluid particles, and are difficult to automate for high-throughput
analysis in the clinical setting.

Preliminary studies have shown that the main intraventricular flow pattern, a
vortex ring that forms during diastole, is highly sensitive to the timing intervals of the
cardiac cycle and to tachycardia [29]. Shortening the filling period by programing long
electrical AV delays increases the circulation and kinetic energy of the vortex and results
in the vortex staying closer to the mitral valve [28]. When compared to baseline
conduction, biventricular stimulation seems to improve organization of intraventricular
flow, suggesting that intraventricular flow analysis is a useful tool to understand the
effects of resynchronization on heart mechanics [30]. Remarkably, changes in electrical
activation have been shown to modify the net orientation of the forces acting on blood
inside the LV, which has been associated with improved long-term outcome in patients
undergoing CRT [31]. These findings suggest that flow imaging may be a suitable tool
for optimizing this therapy. However, how CRT settings affect the specific time evolution
of the different flow volumes and the LV filling waves is still poorly understood.

The present study was designed with the twofold purpose of 1) implementing a
clinically feasible high-throughput method for measuring and mapping blood transport in
the heart, and 2) testing its clinical potential to characterize changes in blood transport
caused by CRT. The general approach was to obtain individual quantitative metrics of

flow transport from flow-velocity measurements in the L'V.
METHODS

Study Population
The present study is based on the analysis of 9 patients with heart failure (HF) and
cardiac resynchronization therapy (CRT) under different atrioventricular (AV) delays and
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3 healthy volunteers matched by age and gender to the patient group. Patients were
consecutively enrolled from the pacemaker outpatient clinic. Controls were selected from
a large database of healthy volunteers recruited at our institutions [32]. The study
protocol was approved by the local institutional review committee, and all subjects

5 provided written informed consent for this study. Clinical data are summarized in Table
4. As summarized in Table 4, three normal subjects (VOL1-3) and nine patients
undergoing CRT (CRT1-9) were considered. Patient CRT7 is used as example in FIGs.
6-8 and 10. Each patient is labeled with the symbol used to represent their data in FIGs. 8
and 10.

10  Table 4. Summary of study population data.

15

ID Age Gender (“t;s;n) (E;) CRT OFF ﬁ;’g” ?r:":)"’“ m)’""' I::r(r)\
voL1l 73 F 60 71  [NORMAL |-
voL2 55 F 70 56  [NORMAL |-
voL3 66 M 59 71  [NORMAL |-
CRT1(O) 70 F CRTdep. [52  [ES 110 200 70 NO
CRT2 (O) 78 F CRTdep. P38  [ES 110 180 70 NO
CRT3 (9) 59 M CRTdep. P9  [NES 90 200 70 NO
CRT4 () 62 M CRTdep. [14  [ES 90 150 70 NO
CRT5 () 80 M CRTdep. [51  [ES 110 170 70 VES
CRT6 (V) 62 F CRTdep. Pl  [ES 110 210 70 NO
CRT7 (A) 57 F CRT dep. 29 ES 110 170 70 VES
CRTS (X) 65 F CRTdep. [0  [ES 120 160 100 VES
CRT9 (P) 59 M CRTdep. W3  [ES 80 180 70 NO

H.R: Heart rate, EF: Ejection fraction, NORMAL: normal volunteer; CRT dep: CRT dependent.

Reproducibility Analysis

Reproducibility analysis of the processed data was performed in seven subjects

randomly selected from a large Doppler Echocardiographic study database. Inclusion was
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based on the absence of known or suspected cardiovascular disease, a normal EKG, a
normal Doppler-echocardiographic exam, and no history of hypertension or diabetes.
AV Delay Settings and Data acquisition

In the patient group, ultrasound sequences were acquired at 5 different
programming settings to analyze the effect of pacing (CRT on vs CRT off), the AV delay
and the heart rate. Patients were studied in spontaneous sinus rhythm at 3 different AV
delay settings: maximum AV (AVMAX), minimum AV (AVMIN), optimum AV
(AVOPT). Then, maintaining the optimum AV delay, images were again acquired at 100
bpm induced by atrial pacing. Finally, patients were studied after turning off the cardiac
pacing (CRTOFF). Maximum AV delay was obtained by increasing AV delay until
capture was lost due to intrinsic conduction. Minimum AV delay was obtained by
decreasing it down to 80 ms. The optimum AV delay was set using the iterative method,
which uses the mitral valve pulsed wave Doppler to optimize the diastolic filling time
(DFT). The iterative method attempts to obtain the longest DFT time that does not
truncate the A-wave, achieving maximal separation between the E- and the A-waves.
Briefly, DFT was measured from the start of the E-wave until the end of the A-wave. A
long AV delay was programmed and reduced in 20-ms steps until A-wave truncation.
The interval was then increased in 10 ms increments, and the shortest AV delay without
A-wave truncation was selected to maximize the DFT [12].

Comprehensive echocardiographic examinations were performed using a Vivid 7
ultrasound machine with 2-4 MHz transducers (GE Healthcare). For each particular CRT-
device setting, we obtained 2D color-Doppler and B-mode (grayscale) sequences from
the long-axis apical view. In addition, pulsed-wave Doppler recordings were obtained
from the S-chamber apical view, carefully located to obtain spectral recordings of
opening and closing of the mitral and aortic valves. Event timings of the cardiac cycle
were measured from these recordings, and then forwarded to the fluid-dynamic solver
[32]
2D Image Analysis and Intraventricular Flow Processing

The LV myocardial wall was segmented using speckle-tracking software to

delineate the endocardial boundary (EchoPac v.110.1.2, GE Healthcare). We
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reconstructed the time-dependent flow field inside the LV using 2D echo-CDV, as
previously described and validated in vifro [33] and in vivo [32]. Conventional Doppler-

echocardiographic data was measured following current recommendations [34].

Blood Transport Assessment

Blood transport equation for Virtual MULTI-COLOR Angiography

Using the time-dependent 2D echo-CDV velocity field v(x,t) and the cardiac
chamber wall tracking data as input, the inventors solved an advection equation for a
passive scalar field Y with uniform initial conditions and step-wise Dirichlet inflow

boundary conditions,

Dy _
of = 0¥ +V-wy) =0,

Y(x,t =0) = P, = const,
Y(Xinter, 0 <t < ty) = Py = const,
Y(Xinter, &y <t < t;) = P, = const,

etc.

This continuous semi-Lagrangian approach tags different volumes of blood with
different numerical values that are transported by the flow, thereby simulating the
visualization of distinct virtual contrast media inside the cardiac chamber. For instance,
one can implement a two-step inlet boundary condition to track the evolution of the two
fluid volumes that enter the L'V during the E wave and the A wave. Blood is a complex
multi-component suspension for which it is generally accepted that the mass diffusivity
of different species is negligible compared to momentum diffusivity [35,36]. Thus, we
did not include a diffusive term in the transport equation. This approach is analogous to
previous analyses of intracardiac blood transport based on the deterministic integration of
fluid particle trajectories [22,26,25,24,23,28]. Note that the absence of diffusive terms
makes it possible to integrate equation 1 backward in time applying Dirichlet boundary
conditions at the outlet of the domain. As shown below, combining the results from the
forward and backward integrations allows for a straightforward categorization of blood

transport templates inside the cardiac chambers. Equation (1) was numerically integrated
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using previously described in-house software written in FORTRAN [37]. The equation
was discretized on a Cartesian grid by a 2"-order finite volume method, and a total
variation diminishing flux limiting scheme [36] was used to avoid numerical oscillations
at the sharp interfaces created between volumes of blood with different inflow tags.

CHARACTERIZATION of blood transport patterns

The time-evolving distribution of y was automatically thresholded to track the
blood carried by the transport structures generated during the E-wave and A-wave, and to
determine the size of these structures and their frontal position. Equation (A) was
integrated with uniform initial conditions and two different inlet boundary conditions for
the E wave and A wave (e.g. Y(x,t =0) =0, Y(Xinter, t € E wave) = 1 and
Y (Xinter, t € Awave) = 2). The iso-contours Y = 0, 1, 2 allowed us to track the time-
evolving distribution of the blood that entered the LV during both filling waves, together
with that of the residual volume of blood occupying the LV at the onset of diastole. E and
A wave sizes, Sk and S4, were calculated from the area they occupied in the imaging
plane, and normalized by the total end-diastolic LV area in the same plane. To
systematically analyze the effect of AV delay on LV filling transport, we determined the
fraction of LV size occupied by the E and A waves, Sz/S.i- and S4/S1y, as well as the
normalized apical position of each wave’s front Xz, and X4/L, where L is the long axis
length of the LV (i.e. X’L=0 is the LV base and X/.=/ is the LV apex).

In addition to tracking the filling transport patterns, we analyzed the
spatiotemporal evolution of the blood that is ejected each cardiac cycle by integrating
equation (1) backwards in time with uniform initial conditions, and Dirichlet boundary
conditions at the aortic valve annulus. Combining the results from the backward and
forward integrations allowed us to automatically identify the following transport
structures: direct flow (DF, blood that enters and exits the LV in the same cardiac cycle),
retained inflow (RI, incoming blood that is not ejected during the same cycle), delayed
ejection (DE, ejected blood that entered the LV in a previous cardiac cycle) and residual
flow (RF, blood that entered the LV in a previous cycle and is not ejected in the current

cycle, therefore residing in the LV for at least two cardiac cycles) [22]. For the purpose of
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this 2D study we used the respective planar-volumes (areas) to account for each of these
fractions.

To assess the kinematic efficiency of flow redirection inside the LV under CRT,
we determined the size, kinetic energy density and acceleration of each transport region

at the onset of systole. Kinetic energy density was calculated from 2D echo-CDV data as

K(x,t) = |v|?/2. Fluid acceleration was calculated as m(X, t;) = (% +v. Vv). These

variables were spatially integrated over the surface occupied by each transport region to
obtain their overall values inside the region (e.g. Mpp = |, Spr m(x)dx). It is important to

note that M is a vector that not only indicates the magnitude of the acceleration of each
fluid volume, but also its direction. The orientation of the whole ventricle’s M with
respect with the ventricular long axis has been recently shown to correlate with long-term
outcome in patients undergoing CRT [31]. We calculated the ratio #x = Kpr/Kry at aortic
valve opening in all the patients to determine if CRT changes contributed to efficiently
focusing the inflow kinetic energy into the volume of fluid that was ejected during
systole. The ratio of direct flow area to total LV area in the imaging plane, npr =

Spr/ Sy, was also computed to quantify the efficiency of volumetric blood transport
within one cardiac cycle.

In addition to focusing kinetic energy into the direct flow volume, efficient LV
blood transit from the inflow to the outflow tract requires a marked change in the
direction of fluid motion. A measure of the efficiency of this process is the net
acceleration transferred to the direct flow region in the direction of the LV outflow tract

normalized with the total magnitude of this acceleration, 1y = %, where e,y o7 18

the unitary vector parallel to the direction of the LV outflow tract, pointing outwards the
LV. The calculation of the 2D+t velocity field, the integration of equation (A) and the

post processing work were programmed to be automatic and operator-independent. Best

and worst full time for the entire post-processing from RAW echo images were 10 and 20
minutes (13+3 min).
Reproducibility (fully blinded echocardiographic image acquisition and re-

acquisition, calculation of 2D flow velocity fields, event-time identification, and final

46



10

15

20

WO 2017/091746 PCT/US2016/063626

index computation by two independent observers; n = 7 normal subjects) was good for
most calculated indices (Table 5: Intraclass correlation coefficient (Ric) and relative error

(mean = std) of the reproducibility study.).

TABLE 5.
‘ | Intraobserver Interobserver
Sor/Swv 0.75 1420 0.85 17+13
(nor)

Soe/Swv 22+27

Se/Siv 0.73 24122 0.77 24+14

Spr: Direct flow, Sri,: Retained inflow, Spe : Delayed ejection, Srr : Residual flow and,
Stv:Whole LV planar volumes. Sz/Sz and S4/Szy, fraction of LV size occupied by the E
and A waves.

Statistical Analysis

Individual scatterplots and boxplots showing the median and interquartile range
are shown for each parameter. Differences among phases are compared using linear
mixed effects accounting for repeated measured within each subject (random effect).
Reproducibility of quantitative indices was analyzed using the intraclass correlation
coefficient (Ric). All analyses were performed in R (v. 3.2) and p values < 0.05 were
considered significant.
RESULTS
Intraventricular Inflow and Blood Transport Under Cardiac Resynchronization
Therapy

CRT and AV delay optimization modify the inflow velocity profile in patients
implanted with bi-ventricular pacemakers. This is illustrated in FIG. 6, which displays
pulsed wave Doppler (PW) measurements from a representative patient (CRT7, see Table
4) for each one of the 5 different pacing settings. The PW profiles exhibit the two flow
velocity envelopes that define left-ventricular filling flow: the E-wave representing the
early, passive filling phase of the LV, and the A-wave representing the late active filling
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phase driven by atrial contraction. Varying the AV delay displaces the start and end of
these waves in time, and modulates the magnitude and timing of the inflow velocity,
leading therefore to different intraventricular flow fields.
ATRIOVENTRICULAR DELAY AND BLOOD TRANSPORT DURING EARLY AND
LATE FILLING

The AV delay has a number of effects not only on global chamber mechanics but
also on myocardial fiber pre-stretching and contraction [38]. Consequently, as said
above, changes in AV delay modify the dynamics of the filling flow driven by the E and
A waves. FIG. 7 illustrates these differences for the same patient shown in FIG. 6. The
total amount of blood entering the L'V varied between 26% and 42% of the LV area in the
imaged plane for the pacing settings considered, in fair agreement with the patient’s
measured ejection fraction of 29% measured at AVOPT. More importantly, both the size
(i.e. area) and shape of the regions defined by E-wave and A-wave filling were sensitive
to the presence of pacing (CRTON vs CRTOFF), the AV delay, and the heart rate (Table
6: Results of E and A wave tracking at mitral valve closing (average + standard
deviation)). In the patient group, CRT increased the fraction of LV volume occupied by
the E wave at the end of diastole, bringing this variable closer to the healthy range (FIG.
8, panel A). The observed increase in early LV filling volume was particularly noticeable
for AVOPT, where 6 out of the 9 patients experienced an increase in Se/Sri. We found a
similar trend for CRT to increase the apical position of the E-wave front (Table 7).
Moreover, CRT caused a moderate increase in the late filling volume fraction S4/Swi
(FIG. 8, panel B).
Table 6

NORMAL

OFF AVOPT AVMIN AVMAX 100BPM S

0.451£0.16 | 0.45%£0.23 | 0.30+0.20 | 0.51%0.22 0.4710.12

0.15+0.10 F
Sa/Siv | 0.1040.05 | 0.15+0.07 | 0.10+0.06 | 0.13+0.06 0.16+0.08

Xe/L and Xu4/L : normalized apical position of each E and A waves. Se/Sryand S4/Stv,
fraction of LV size occupied by the E and A waves.
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TIME-EVOLUTION OF INTRAVENTRICULAR TRANSPORT REGIONS

FIG. 9 displays the end-diastolic distribution of the direct flow, retained inflow,
delayed ejection and residual flow regions in the LV of the representative patient shown
in FIGs. 6-7. In the absence of pacing, the overall transit of LV blood transport followed
a wide arch, so that a large fraction of LV volume in the center of the chamber remained
as residual flow. CRT altered this effect increasing direct flow, particularly for AVOPT.
With tachycardia, the filling and ejection phases were shortened and defined small
transport regions that did not intersect significantly, consequently creating a small
amount of direct flow. FIG. 10 (panel A) and Table 7 (Table 7: Average + standard
deviation of relative end-diastolic flow fractions of the L'V for the different CRT settings
compared with reference values obtained by PCMRI [25,23,22]) summarize the statistics
of nor (ratio of direct flow area to total LV area) as a function of AV delay in the patient
population, including reference data from healthy subjects and previous studies.
Consistent with FIG. 9, AVOPT shows a significant increment in the direct flow region
with respect to the CRTOFF condition in the whole population; npr increased in 7 of the
9 patients, and the median #pr increased by a factor of ~3. The variation of npr was less
pronounced for the two other AV delay settings, though #pr increased in 7 out of 9
patients for both AVMIN and AVMAX. In addition to increasing direct flow, CRT
enhanced the efficiency of LV blood transit by decreasing the portion of the chamber
occupied by residual volume, defined as Azr = Sgr/S.y (FIG. 10, B). Eight out 9
patients reduced their residual volumes at AVOPT. Nevertheless, AVMAX also provided
a significant effect (Azr decreased in 7/9 patients). Reproducibility test-retest for all the
volumetric indices (#7pr, Sri/SLv, Spe/Svv, Arr, Se/SLy, and S4/S1r) showed fair agreement

both in the intraobserver and interobserver analysis (Table 5).
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TABLE 7:
Erikss | Erikss | Fredri | Bolge | Bolge
X onet | onet | ksson ret ret
OFF AVop | AVmi | AVma | 100b | Healt al. al. et al. al. al.

(2010 | (2010 | (2011 | (2007 | (2007
) ) ) ) )

Sor
S / 0.06+ | 0.14+ | 0.12+ | 0.10+ | 0.06+ | 0.24+ | 0.37+ 0.08 0.44+ | 0.21+ 0.04
v 0.04 0.09 0.07 0.06 0.05 0.08 0.05 ' 0.06 0.06 '
(nor)
SDE/ 0.17+ | 0.17+ | 0.17+ | 0.17+ | 0.13+ | 0.21+ | O.16+ 028 0.15+ | 0.27+ 026
Sw 0.04 0.08 0.06 0.06 0.08 0.02 0.03 ' 0.03 0.06 '

Sor: : Delayed ejection, Srr :
Svv :Whole LV planar volumes. * in the results by Eriksson et al, Fredriksson et al. and
Bolger et al account for a patient with dilated cardiomyopathy.

The inventors found #« (ratio of direct flow kinetic energy to total LV total
kinetic) to be higher in the healthy subjects than in the patients with CRTOFF.
Furthermore, there was a clear trend of increase in #x with CRT that was relatively
insensitive to the AV delay. Additionally, CRT decreased the amount of inflow kinetic
energy that remained in the residual volume at the end of diastole, Ax = Krr/Kry. The
observed decrease in wasted kinetic energy was most significant for AVOPT and
AVMIN, with Ax showing variations in 8 and 9 (out of 9) patients respectively (FIG. 10,
D, Table 5).

FIG. 10 panel E and Table 8 (Flow kinematic efficiency parameters obtained at
aortic valve opening (average + standard deviation)) summarize the statistics of 7y
(fraction of direct flow acceleration in the direction of the LV outflow tract) at the onset
of systole. Similar to npr and ng, this directional parameter efficiency became higher
with CRT regardless of the AV delay, showing an increase in 6 out of 9 patients for
AVMIN, AVMAX and AVOPT.
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Table 8
| | OFF AVopt AVmin | AVmax | 100bpm | NORMALS

0.36+0.10 0.26+0.21 0.25+0.14 0.29+0.20 0.49+0.30 0.16+0.05

Nk : ratio of total kinetic energy in the volume of fluid that is focused into the direct flow
region; Ax : ratio of total kinetic energy in the volume of fluid that is focused into the
residual flow region; nm: net acceleration transferred to the direct flow region in the
direction of the L'V outflow tract normalized with the total magnitude of this acceleration.

DISCUSSION

In the present study the inventors implement a high-throughput method, suitable
for visualizing and measuring flow transport in the L'V using ultrasound in the clinical
setting. This method is based on a continuous semi-Lagrangian formulation that allowed
the inventors to track and to determine quantitative metrics of LV volume fractions from
flow velocity measurements with no user interaction. As a result, this method provides
accurate maps of blood transport without the need to integrate the trajectories of a large
number of virtual blood particles and to perform semi-manual segmentation of the
delineated fluid structures, as previously done using either phase-contrast MR [22] or
Doppler-echocardiography [28]. The inventors’ data compare well with previous studies
using phase-contrast MR in healthy and diseased hearts, as shown in Table 4.

The inventors used manual modification of CRT pacemaker parameters to
illustrate the clinical potential of this novel tool, and demonstrated acute changes in blood
transport patterns inside the LV with different AV delays. As shown, flow organization
inside the LV is highly dynamic and sensitive to the timing of cardiac events. Even a
moderate increase in heart rate induced important changes in the manner LV flow affects
the transit of blood from the mitral valve to the aorta.

Overall, the presented data imply that the spatio-temporal evolution of the
intraventricular blood flow in a patients undergoing CRT can be highly sensitive to heart
rate and AV delay. The blood flow in the CRTOFF condition is driven by a persistent
clockwise swirling pattern that is typically found in patients with dilated cardiomyopathy

[32,28], forcing the blood entering the LV to follow an arched path along the inferolateral
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and anteroseptal LV walls. Turning CRT on modified this transport pattern, particularly
for AVOPT. For the latter CRT setting, the incoming blood was distributed forming a
pattern consistent with a more symmetric starting jet — vortex ring structure.

In addition to having an effect on LV filling, CRT may potentially improve the
efficient redirection of left ventricular blood inflow towards the outflow tract by: 1)
modifying the transport patterns to increase the amount of blood coming into the L'V each
cardiac cycle that is ejected in the same cardiac cycle (i.e. direct flow), 2) increasing the
amount of kinetic energy that is transferred from incoming blood to ejected blood, and 3)
aligning the motion of the ejected blood with the left ventricular outflow tract.
Furthermore, our results and the emerging literature imply that CRT favors the generation
of coherent intraventricular pressure gradients that accelerate blood in the direction of the
LV outflow tract [31]. Finally, the impact of different transport patterns on
intraventricular flow mixing and prevention of blood stasis needs to be addressed [37].

Flow transport visualization methods such as the one presented in this study are
readily applicable to large patient populations and are therefore particularly well suited to
clarify issues such as the effect of CRT on LV blood transport. This is supported by the
relatively good agreement between the presented data and previous studies using PC-MR,
especially in the diseased heart (see Table 7). From a clinical perspective, this method
opens the possibility of using flow imaging techniques to optimize CRT. Flow transport
visualization methods not only will help investigators to understand the physiological
basis of heart failure but also to optimize pharmacological and non-pharmacological
therapies to improve the outcomes associated with one of the most prevalent diseases in
the world.

The echocardiographic 2D approach disclosed herein has important practical
advantages, as it provides high temporal and spatial resolutions, is fast, clinically feasible,
and does not require infusion of contrast agents. Moreover, the proposed transport
analysis methodology relies on clinical access to time-resolved LV velocity fields, but it
is independent of the particular imaging modality employed to measure intraventricular

velocity.
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Blood transport patterns in the LV can be readily derived from flow-velocity
fields by solving a passive-scalar advection partial differential equation. This continuous
semi-Lagrangian method disclosed here is suitable for high-throughput processing
without the need of discrete particle tracking or user interaction. Combining this tool with
color-Doppler ultrasound, the inventors have demonstrated important effects of cardiac
resynchronization therapy and atrioventricular delay optimization on intraventricular

blood transport.

Example 3

A pilot study was designed to address the effectiveness of an ultrasound-based
method for measuring stasis through the blood Residence Time (7z), in patients with an
anterior acute myocardial infarction (AMI). Blood Residence Time represents the time
that a blood region spends in the LV before being redirected to the aorta. In particular,
this study aimed to test whether stasis maps were sensitive to identify quantitative flow
abnormalities in patients developing left ventricular thrombus (LVT) in the acute phase

of AML

METHODS
Study Population

73 consecutive patients admitted to our institution for a first anterior AMI from
July 2013 to January 2016 were prospectively enrolled (Table 9). Inclusion criteria were:
1) sinus rhythm, 2) absence of > 2 aortic regurgitation (due to methodological limitations
to calculate residence time metrics), 3) an LV ejection fraction < 45% during the first 72h
of AMI onset, 4) no previous history of myocardial infarction, 5) stable clinical status,
and 6) willingness to sign the informed consent. Clinical variables were prospectively
collected. An institutional review board approved the study, and all participants provided

written informed consent.
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Table 9
Overall No LV Thrombus LV Thrombus p value

N 59 14
Age (yrs) 60.7 +13.8 61.3+14.3 58.2+11 0.377
Sex (Male | Female) 17 (23 %) 16 (27 %) 1(7 %) 0.158
Cardiovascular Medications
Beta-blocker 63 ( 86%) 51 (86 %) 12 (86 %) 1
ACEl / ARB 63 (86 %) 52 (88 %) 11(79 %) 1
Diuretic 7 (10 %) 7 (12 %) 0(0%) 0.325
Statins 72 (100%) 59 (100%) 13 (100%)

Image Acquisition And Stasis Imaging And Quantification

A flow-chart of the image processing methods used in this studs is summarized in

Figure 11.

RESULTS

Clinical Data and Outcomes

Clinical data of the cohort is summarized in Table 10. Demographic, clinical and

medication variables were not significantly different between patients with and without

LVT. Patients diagnosed with intraventricular thrombosis received oral anticoagulation.

Patients diagnosed with LVT in either study were pooled for analyses.

Table 10
p value
No LV Thrombus LV Thrombus Thrombus vs no Thrombus

Conventional Echocardiography

End-diastolic volume index (mL/m?) 56.38 + 13.3 57.5+20.65 0.792
End-systolic volume index (mL/m?) 32.01+10.11 33.82 +16.48 0.582

Ejection Fraction (%) 0.44 +£0.09 0.42+0.1 0.549
End-diastolic diameter {cm) 467 +0.6 4.73+0.61 0.764
End-systolic diameter (cm) 3.52+0.71 3.49 +0.65 0.927

LV Global Stasis
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T8 (s) 1.94+0.78 2.34+0.87 0.034*

Regional Stasis indices after 2 s

Vi (%) 0.35+0.16 0.50 £ 0.15 0.006 *
Tam(s) 3.92+1.03 4.45 +1.03 0.097
X (%) 0.63+0.11 0.63 £ 0.09 0.954
Cu(m) 0.11£0.03 0.13 £0.03 0.024 *

*: p<0.05 LVT vs no-LVT

Imaging Studies
Patients with and without LVT showed similar values of conventional
echocardiographic variables (Figure 12), including end-systolic volume index (58 + 21
vs. 56 £ 13 mL/m2, p= 0.79) and ejection fraction (0.42 + 0.1 vs 0.44 £ 0.09, p=0.55).
Global residence time of blood in the LV was significantly longer in early studies
in patients with LVT (Tr=2.34 + 0.87 sec vs. 1.94 + 0.78 sec, p= 0.034). Compared to
patients without LVT, intraventricular regions of stasis (clusters of blood volume with Tr
>2 sec) were also larger (0.50 + 0.15 vs 0.35 + 0.16, p= 0.006) and had a longer perimeter
of endocardial contact (0.13 =0.03 vs 0.11 £ 0.03 m, p= 0.024) in patients developing
LVT. These differences were confirmed by a longer residence time of the near-wall flow

adjacent to the apical segments (5.09 £ 1.55 vs. 3.90 + 1.47 s, p=0.017).

CONCLUSIONS
In this study, it was demonstrated that correct interpretation of Tr derived
parameters more accurately identified those patients with an increased risk of blood

stasis, which can lead to thrombogenesis, than conventional echocardiography.

OTHER EMBODIMENTS
It is to be understood that while the invention has been described in conjunction
with the detailed description thereof, the foregoing description is intended to illustrate
and not limit the scope of the invention, which is defined by the scope of the appended
claims. Other aspects, advantages, and modifications are within the scope of the

following claims. Indeed, various modifications of the invention in addition to those
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described herein will become apparent to those skilled in the art from the foregoing
description and the accompanying figures. Such modifications are intended to fall within
the scope of the appended claims

It is further to be understood that all values are approximate, and are provided for
description. Patents, patent applications, publications, product descriptions, and
protocols are cited throughout this application, the disclosures of which are incorporated

herein by reference in their entireties for all purposes.
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WHAT IS CLAIMED IS:

1. A method for identifying regions of blood flow stasis inside a cardiac
chamber or blood vessel of a subject comprising:

obtaining flow-velocity images of blood inside a cardiac chamber or blood vessel
of the subject;

calculating one or more of residence time (7x), standard deviation of residence
time (oy), kinetic energy, or rate of distortion of blood particles inside the cardiac
chamber or blood vessel using the flow-velocity images to generate numerical metrics of
blood flow; and

generating a residence time (7z) map, a kinetic energy map, a rate of distortion
map, or combinations thereof, using the numerical metrics to identify and characterize

regions of blood flow stasis.

2. The method of claim 1, wherein generating numerical metrics of blood
flow comprises calculating the blood flow’s residence time (7r) inside the cardiac

chamber or blood vessel.

3. The method of claim 1, wherein generating numerical metrics of blood
flow comprises calculating the standard deviation of the blood flow’s residence time (oy)

inside the cardiac chamber or blood vessel.

4. The method of claim 3, comprising calculating the standard deviation of
the blood flow’s residence time in regions with high blood flow residence time inside the

cardiac chamber or blood vessel.
5. The method of claim 1, wherein generating numerical metrics of blood

flow comprises calculating the blood flow’s kinetic energy inside the cardiac chamber or

blood vessel.
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6. The method of claim 5, comprising calculating the blood flow’s kinetic
energy in regions with high blood flow residence time inside the cardiac chamber or

blood vessel.

7. The method of claim 1, wherein generating numerical metrics of blood
flow comprises calculating the rate of distortion of blood flow inside any cardiac

chamber or blood vessel.

8. The method of claim 6, comprising calculating the blood flow’s rate of
distortion in regions with high blood flow residence time inside the cardiac chamber or

blood vessel.

0. The method of claim 1, wherein generating numerical metrics of blood

flow comprises calculating a blood stasis timescale index.

10. The method of claim 1, wherein generating numerical metrics of blood
flow comprises calculating the size, shape, mobility, distance to the chamber wall, and
perimeter in contact with the chamber wall of regions with high blood flow residence

time.

11. The method of claim 1, wherein the cardiac chamber is any cardiac

chamber or blood vessel in which the blood velocity can be resolved.

12. The method of claim 1, wherein the cardiac chamber is the left ventricular
chamber, left atrium chamber, left atrial appendage, right-ventricular chamber, or right

atrium chamber.

13. The method of claim 1, wherein obtaining flow-velocity images of blood
inside a cardiac chamber or blood vessel is performed using a medical image-based

apparatus able to determine blood flow velocity field.
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14. The method of claim 13, wherein medical image-based apparatus is an
echocardiogram apparatus, a magnetic resonance imaging (MRI) apparatus, an
echocardiographic imaging apparatus, a 2D color-Doppler velocimetry (echo-CDV)
apparatus, an echo-PIV apparatus, a synthetic aperture ultrasound apparatus, or a

transverse oscillation ultrasound vector velocimetry apparatus.

15. The method of claim 1, wherein the flow-velocity images comprise one,

two, or three-dimensional images resolved in time.

16. The method of claim 1, wherein multiple flow-velocity images are
obtained using different velocity scales, and wherein data from the obtained flow-velocity
images are retrospectively merged to generate a flow map, a residence time (Tr) map, a

kinetic energy map, a rate of distortion map, or combinations thereof.

17. The method of claim 1, wherein calculating the residence time (Tr) of

blood particles comprises utilizing the equation:

dTRr
at

+V-(BTy) = 1.
18. The method of claim 1, wherein the standard deviation of 7r is caused by
noise in the velocity measurements, and wherein calculating the standard deviation of 7x

comprises utilizing the equation:

or(0 ) = [Ss0) — TR (5, 0)

wherein Sy and Ty obey the equations:
Ty

—LHV@TR) =1+ V- (kVTy)

W'F V- (USR) = ZTR + V- (k VSR),
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and wherein diffusivity coefficient k& represents uncertainty introduced by the

noise in the velocity measurements.

19. The method of claim 1, wherein a distribution of values of residence time
emerges at each instant of time and each point in space, which distribution of values of
residence time is caused by noise in the velocity measurements, wherein a probability
density function of distribution p(7,x,?) is calculated utilizing the equation:

dp  9(vp) Op 0( 029)
at dx 9T  ax\ ox/)

and wherein diffusivity coefficient k& represents uncertainty introduced by the

noise in the velocity measurements.

20. The method of claim 1, wherein the numerical metrics of blood flow are
used to identify size, location, or both, of blood flow stasis within the cardiac chamber or

blood vessel.

21. A method for estimating risk of intracardiac or intravascular thrombus or
of embolism originating in a cardiac chamber or blood vessel in a subject comprising:

obtaining flow-velocity images of blood inside any cardiac chamber or blood
vessel;

calculating one or more of residence time (7x), standard deviation of residence
time (oy), kinetic energy, or rate of distortion of blood particles inside the cardiac
chamber or blood vessel using the flow-velocity images to generate numerical metrics of
blood flow; and

generating an intracardiac or intravascular thrombus risk assessment using the
numerical metrics to determine regions of blood flow stasis inside the cardiac chamber or
blood vessel,

wherein regions of blood flow stasis are predictive of risk of intracardiac or

intravascular thrombus or of embolism.
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22. The method of claim 21, wherein generating numerical metrics of blood

flow comprises calculating the blood flow’s residence time (7r).

23. The method of claim 21, wherein generating numerical metrics of blood

flow comprises calculating the standard deviation of residence time (ay).

24, The method of claim 21, wherein generating numerical metrics of blood
flow further comprises calculating additional descriptors of the distribution of values of
residence time from a probability density function p(x,7,7), in addition to 7& and its

standard deviation oy.

25. The method of claim 24, wherein the additional descriptors are selected
from the group consisting of: skewness, kurtosis, median inter-quartile range, other inter-

percentile ranges of p(x,t,7), and combinations thereof.

26. The method of claim 21, wherein generating numerical metrics of blood

flow comprises calculating the blood flow’s kinetic energy.

27. The method of claim 21, wherein generating numerical metrics of blood

flow comprises calculating the blood flow’s rate of distortion.

28. The method of claim 21, wherein the numerical metrics of blood flow are
used to identify and calculate the size, location, or both, of regions of blood stasis within

any cardiac chamber or blood vessel.
29. The method of claim 21, comprising calculating the blood flow’s kinetic

energy in regions with high blood flow residence time inside the cardiac chamber or

blood vessel.
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30.  The method of claim 21, wherein generating numerical metrics of blood
flow comprises calculating the blood flow’s rate of distortion in regions with high blood

flow residence time inside the cardiac chamber or blood vessel.

31 The method of claim 21, wherein generating numerical metrics of blood

flow comprises calculating a blood stasis timescale index.

32.  The method of claim 21, wherein generating numerical metrics of blood
flow comprises calculating the size, shape, mobility, distance to the chamber wall, and
perimeter in contact with the chamber wall of regions with high blood flow residence

time.

33. The method of claim 21, wherein the cardiac chamber is any cardiac

chamber or blood vessel in which the blood velocity can be resolved.

34. The method of claim 21, wherein the cardiac chamber is the left
ventricular chamber, left atrium chamber, left atrial appendage, right-ventricular

chamber, or right atrium chamber.

35. The method of claim 21, wherein obtaining flow-velocity images of blood
inside a cardiac chamber or blood vessel is performed using a medical image-based

apparatus able to determine blood flow velocity field.

36. The method of claim 35, wherein medical image-based apparatus is an
echocardiogram apparatus, a magnetic resonance imaging (MRI) apparatus, an
echocardiographic imaging apparatus, a 2D color-Doppler velocimetry (echo-CDV)
apparatus, an echo-PIV apparatus, a synthetic aperture ultrasound apparatus or a

transverse oscillation ultrasound vector velocimetry apparatus.
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37. The method of claim 21, wherein the flow-velocity images comprise one,

two, or three-dimensional images resolved in time.

38. The method of claim 21, wherein calculating the residence time (Tr) of

blood particles includes utilizing the equation:

dTRr
at

+V-(BTy) = 1.
39. The method of claim 21, wherein the standard deviation of Tr is caused by
noise in the velocity measurements, and wherein calculating the standard deviation of Tr

comprises utilizing the equation:

or(x,t) = \/SR(x, t) — TE(x,t)

wherein Sy and Ty obey the equations:

0T ,
LAV TR =14 V- (kVTy)
E+V(USR):2TR+ V(kVSR),

and wherein diffusivity coefficient k represents uncertainty introduced by the

noise in the velocity measurements.

40. The method of claim 21, wherein a distribution of values of residence time
emerges at each instant of time and each point in space, which distribution of values of
residence time is caused by noise in the velocity measurements, wherein a probability
density function of distribution p(7,x,?) is calculated utilizing the equation:

dp  0d(vp) 6'p+6< ap>
at dx OT  ax\ ox/

and wherein diffusivity coefficient k& represents uncertainty introduced by the

noise in the velocity measurements.
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41. The method of claim 21, wherein the numerical metrics of blood flow are
used to identify and calculate the size, location, or both, of regions of blood flow stasis

within the cardiac chamber or blood vessel.

42. The method of claim 21, further comprising identifying subjects having
regions of increased blood flow stasis as being at high risk of intracardiac thrombus; and
identifying subjects not having regions of blood flow stasis as being at low risk of

intracardiac thrombus.

43, The method of claim 21, further comprising identifying subjects having a
Tk that is high compared to oy as having regions of increased blood flow stasis and being

at high risk of intracardiac thrombus.

44. The method of claim 43 further comprising the prescription of anti-

coagulant therapy to subjects identified as being at high risk of intracardiac thrombus.

45. A method comprising:

obtaining flow-velocity images of blood inside a cardiac chamber or blood vessel
of a subject;

calculating the residence time (7x) of blood particles inside the cardiac chamber
or blood vessel using the flow-velocity images to generate numerical metrics of blood
flow;

generating a residence time map to automatically segment and delineate the blood

volume that is injected into the cardiac chamber or blood vessel each cardiac cycle;

generating a residence time map to automatically segment and delineate the blood
volume that is ejected out of the cardiac chamber or blood vessel each cardiac cycle;

generating a residence time map to automatically segment and delineate the direct

blood volume that is comprised by the fluid that is both injected during each cardiac

cycle and also ejected during the same cycle; and
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generating a residence time map to automatically segment and delineate the
residual blood volume that does not mix and does not overlap with injected or ejected

blood volumes each cardiac cycle.

46. The method of claim 45, wherein the subject is undergoing cardiac

resynchronization therapy.

47. The method of claim 46, further comprising altering the cardiac
resynchronization therapy protocol for subjects identified as having regions of altered

injected volume, ejected volume, residual volume, or combinations thereof.

48. The method of claim 47, wherein altering the cardiac resynchronization
therapy protocol comprises altering the atrio-ventricular (AV) delay, altering the
ventriculo-ventricular (VV) delay, or altering the location of a pacemaker or pacemaker

lead.

49. The method of claim 45, wherein the subject is not undergoing cardiac

resynchronization therapy.

50. The method of claim 49, further comprising selecting subjects having
regions of altered injected volume, ejected volume, residual volume, or combinations

thereof, as being in need cardiac resynchronization therapy.

51. The method of claim 46, further comprising altering the atrio-ventricular
(AV) delay, altering the ventriculo-ventricular (VV) delay, or altering the location of a
pacemaker or pacemaker lead in subjects undergoing cardiac resynchronization therapy
and measuring the flow properties of injected volume, ejected volume, residual volume,

or combinations thereof, to optimize the cardiac resynchronization therapy.

74



WO 2017/091746 PCT/US2016/063626

52. The method of claim 51, wherein generating numerical metrics of blood
flow comprises calculating the kinetic energy of injected, ejected or residual volumes in

the cardiac chambers.

53.  The method of claim 51, wherein generating numerical metrics of blood
flow comprises calculating the linear momentum of injected, ejected or residual volumes

in the cardiac chambers.

54.  The method of claim 51, wherein generating numerical metrics of blood
flow comprises calculating the shape, location, size, or combinations thereof, of injected,

ejected and residual volumes in the cardiac chambers.

55. The method of claim 51, further comprising determining the
atrioventricular delay that maximizes the linear momentum, kinetic energy, or both,

transferred to the ejected fluid, the direct flow volumes, or both.

56. A fluid flow diagnostic system comprising:

a sensing unit configured to obtain a plurality of flow-velocity images of blood
inside a cardiac chamber or blood vessel; and

a processor configured to receive a plurality of flow-velocity images, calculate the
blood flow velocity inside any cardiac chamber or blood vessel; and determine the

location and extent of flow stasis in the cardiac chamber or blood vessel.

57. The system of claim 56, wherein the processor is configured to receive a
plurality of flow-velocity images, calculate the blood flow’s kinetic energy, rate of
distortion, or both, and a blood stasis timescale index inside the cardiac chamber or blood
vessel; and determine one or more of the spatiotemporal distribution of the blood
residence time, kinetic energy, or rate of distortion inside the cardiac chamber or blood

vessel.
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58.  The system of claim 56, wherein the cardiac chamber is any cardiac

chamber or blood vessel in which the blood velocity can be resolved.

59. The system of 56, wherein the sensing unit is a medical image-based

apparatus able to determine blood flow velocity field.

60. A method for calculating blood transport inside any cardiac chamber or
blood vessel comprising:

obtaining flow-velocity images of blood inside a cardiac chamber;

calculating one or more of the residence time (7r), the standard deviation of the
residence time (oy), kinetic energy, or rate of distortion of blood particles inside a cardiac
chamber using the flow-velocity images to generate numerical metrics of blood flow;

generating blood transport maps using numerical metrics to identify regions of

decreased, increased, static or unaltered blood transit.

61. The method of claim 60, wherein generating numerical metrics of blood

flow comprises calculating the blood flow’s residence time (7r).

62. The method of claim 60, wherein generating numerical metrics of blood

flow comprises calculating the blood flow’s kinetic energy.

63. The method of claim 60, wherein generating numerical metrics of blood

flow comprises calculating the blood flow’s standard deviation of the residence time (ay).

64. The method of claim 60, wherein generating numerical metrics of blood

flow comprises calculating the rate of distortion of blood particles.

65. The method of claim 60, wherein the numerical metrics of blood flow are
used to identify size, location, or both, of blood flow transport structures within the

cardiac chamber or blood vessel.
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66.  The method of claim 60, wherein blood transit maps are used to identify

the blood volumes that transit through a cardiac chamber or blood vessel during one beat.

67.  The method of claim 60, wherein generating numerical metrics of blood

flow comprises calculating the momentum and orientation of the blood transit volumes.

68. The method of claim 60, wherein obtaining flow-velocity images of blood
inside any cardiac chamber or blood vessel is performed using any medical image-based

apparatus able to determine blood flow velocity field.

69. The method of claim 60, wherein the cardiac chamber is any cardiac

chamber or blood vessel in which the blood velocity can be resolved.

70. A method for calculating blood transport inside any cardiac chamber or blood
vessel comprising;

obtaining flow-velocity images of blood inside a cardiac chamber or blood vessel;

calculating the residence time (7%), the standard deviation of the residence time
(o), kinetic energy, linear momentum blood particles, or combinations thereof, inside a
cardiac chamber using the flow-velocity images to generate numerical metrics of blood
flow;

generating blood transport maps using numerical metrics to identify different

transit regions of blood.
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