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EPIGRAPH

You look at where you’re going and where you are and it never makes sense,

but then you look back at where youve been and a pattern seems to emerge.

Sometimes it’s a little better to travel than to arrive.

— Robert M. Pirsig
Zen and the Art of Motorcycle Maintenance: An Inquiry Into Values.
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ABSTRACT OF THE DISSERTATION

Clinical Assessment of Blood Stasis and Transport in the Left Ventricle
by

Lorenzo Rossini

Doctor of Philosophy in Engineering Sciences (Mechanical Engineering)
University of California San Diego, 2017

Professor Juan Carlos del Alamo, Chair

Professor Andrew M. Kahn, Co-Chair

Blood stasis in the cardiac chambers is a recognized risk factor for intracardiac
thrombosis and potential cardiogenic embolic events. In patients at risk of intraven-
tricular thrombosis, the benefits of anticoagulation therapy must be balanced with
its pro-hemorrhagic effects. In the healthy heart, instead, left ventricular (LV) flow
patterns have been proposed to optimize blood transport by coupling diastole and
systole.

This work introduces a novel flow image-based method to assess LV blood
stasis and transport by processing flow-velocity images obtained by 2D color-Doppler
velocimetry or phase-contrast magnetic resonance. This approach is based on quan-
tifying the LV blood Residence Time (Tx) from time-resolved blood velocity fields
by solving the advection equation for a passive scalar. This equation can be derived
from statistical mechanics and the process can be further generalized to higher order
moments of the time distribution to find, for example, the Tk standard deviation.

We showed proof-of-concept feasibility of the method in normal hearts, pa-
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tients with dilated cardiomyopathy and patients before and after the implantation
of a left ventricular assist device (LVAD). We then conducted two clinical studies on
two populations of patients: with acute myocardial infarction (AMI) and undergoing
cardiac resynchronization therapy (CRT).

In patients with AMI we identified the biomechanical determinants of stasis
and addressed the techniqueaAZs potential to predict LV thrombosis. Tk was longer
in the early than in the late phases of AMI and longer in AMI than in controls. The
largest stagnant regions were identified in acute stage of the AMI and stasis metrics
performed well to predict LV thrombosis.

To track blood transport in the LV of patients undergoing CRT we used a mod-
ified analysis with time-varying inflow boundary conditions. The device programming
was varied to analyze flow transport under different atrioventricular conduction de-
lays, and to model tachycardia. The analysis showed how CRT influences the transit
of blood, contributes to conserving kinetic energy, and favors the generation of hemo-
dynamic forces that accelerate blood in the direction of the LV outflow tract.

This work paves the way for using Tr-derived measures of bloos stasis as a

relevant bio-marker in the clinical setting.
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Chapter 1
Introduction

It is expected that cardiovascular diseases will be the leading cause of mortality
worldwide by 2030. Cardioembolic stroke is one of the most devastating consequences
of cardiac diseases, both in terms of mortality and disability. Amongst all causes of
stroke, the cardioembolic etiology is associated to the highest mortality rate and
reaches 20 % in some prospective series [2].

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 to chronic inflam-
mation and increased catecholamine and inflammatory cytokine levels which induce a
systemic hypecoagulable state. Finally, blood flow stagnation triggers the activation
of the coagulation system. These three predisposing factors are classically known as
"Virchow’s triad" [48]. Diseases such as atrial fibrillation, myocardial infarction, di-
lated and hypertrophic cardiomyopathies are well established conditions that increase
the risk of cardiac embolisms by a combination of these three mechanisms.

In patients at risk of intraventricular thrombosis, the benefits of chronic anti-
coagulation therapy need to be balanced with the pro-hemorrhagic effects of therapy.
In the absence of atrial fibrillation, there is no clinical evidence supporting the indi-
cation of chronic anticoagulation therapy in cardiac diseases where intraventricular
thrombosis may be a major complication, such as dilated or hypertrophic cardiomy-

opathies, or after the implantation of left ventricular assistance devices (LVADs) in



patients with refractory heart failure. Indeed, a number of trials based on clinical
markers of thrombosis have failed to demonstrate a net benefit of such therapies in
terms of overall clinical outcomes. However, these trials were performed without a
patient-specific risk quantification of intraventricular thrombosis. Blood stasis in the
cardiac chambers is an important risk factor for intracardiac thrombosis and potential
cardiogenic embolic events. Therefore, we hypothesized that a robust and clinically
applicable method for measuring and visualizing intraventricular stasis could provide
useful surrogate markers of the risk of intraventricular thrombus formation.

In chapter 2, we introduce a novel flow image-based method to assess left ven-
tricular (LV) blood stasis by digital processing flow-velocity images obtained either by
phase-contrast magnetic resonance (PCMR) or 2D color-Doppler velocimetry (echo-
CDV). This approach is based on quantifying the distribution of the blood Residence
Time (Tx) from time-resolved blood velocity fields in the LV by solving the advection
equation for a passive scalar.

We tested the new method in illustrative examples of normal hearts, two pa-
tients with dilated cardiomyopathy and one patient before and after the implantation
of a left ventricular assist device (LVAD). The method allowed us to assess in-vivo the
location and extent of the stasis regions in the LV. Original metrics were developed
to integrate flow properties into simple scalars suitable for a robust and personalized
assessment of the risk of thrombosis.

In chapter 3, the Tr-based analysis was tested in patients with acute myocar-
dial infarction (AMI) to identify the biomechanical determinants of increased stasis
and to address tho quantify left ventricular blood stasis, to identify the biomechanical
determinants of stasis, and to address the technique’s potential to predict LV mural
thrombosis (LVT). This population of patients is homogeneous and highly selected
so that it constitutes the ideal benchmark to test the relation between blood stasis
(measured through the residence time approach) and the formation of a thrombus in
presence of endocardium injury and a state of hypercoagulability. We obtained in-
traventricular stasis maps from conventional Doppler echocardiography sequences in
73 patients in the early (72 hours) and late (4-5 months) phases after a first anterior-
AMI. 37 healthy subjects were studied as controls. We calculated the spatio-temporal

maps of blood residence time in the LV (the time spent by fluid elements inside the



chamber), and characterized the main features of stagnant regions. Stasis mapping
provides new insights into the genesis of blood stasis and seems a promising tool to
assess the patient-specific risk of intracavitary thrombosis in cardiac diseases.

Chapter 4 focuses on how different flow patterns influence LV blood transport
in patients undergoing cardiac resynchronization therapy (CRT). This approach is
still based upon solving the advection equation for a passive scalar field from time-
resolved blood velocity fields. Imposing time-varying inflow boundary conditions for
the scalar field provides a straightforward method to distinctly track the transport of
blood entering the LV in the different filling waves of a given cardiac cycle, as well as
the transport barriers which couple filling and ejection. We applied this method to
analyze flow transport in a group of patients with implanted CRT devices and a group
of healthy volunteers. In the patients under CRT, the device programming was varied
to analyze flow transport under different values of the atrioventricular conduction
delay, and to model tachycardia (100 bpm). Using this method, we show how CRT
influences the transit of blood inside the left ventricle, contributes to conserving
kinetic energy, and favors the generation of hemodynamic forces that accelerate blood
in the direction of the LV outflow tract.

From a clinical perspective, this work introduces the new paradigm that quan-
titative flow dynamics can provide the basis to obtain subclinical markers of intraven-
tricular thrombosis risk. The early prediction of LV blood stasis may result in decrease
strokes by appropriate use of anticoagulant therapy for the purpose of primary and

secondary prevention.



Chapter 2

A clinical method for mapping and
quantifying blood stasis in the left

ventricle

2.1 Introduction

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. Amongst all causes of stroke, the cardioembolic etiology
is associated with the highest mortality rate and reaches 20 % in some prospective
series [2].

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 inflamma-
tion, 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" [48]. Diseases such as atrial fibrillation, myocardial infarction, di-



lated 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 neutral-
ized by the increased hemorrhagic risk associated with this therapy [51]. In fact, most
clinical trials assessing the efficacy of primary prevention of anticoagulation therapy
in non-AF cardioembolic diseases have been negative or neutral [4, 36]. 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 tem-
porary and destination therapies in an increasing number of patients with end-stage
heart failure (HF) [75]. However, intraventricular thrombosis is a well-recognized
complication of LVADs and may lead to device malfunction and embolism. A quan-
titative 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 [7].
Intracardiac transport and mixing depends on convoluted trajectories of flow inside
the chambers [42, 83, 89] as well as on the dynamical interactions between incoming
flow and residual flow from preceding cycles [10]. In the healthy heart, these phe-
nomena result in a small residual volume with no associated blood stasis. However,
intraventricular flow patterns are significantly altered by disease |6, 17, 37, 64]. How
these disturbed flow dynamics may lead to increased blood stasis is only beginning
to be understood [17, 35].

Currently, there are no tools capable of a high-throughput measurement of flow
stasis in the clinical setting. There have been only a few attempts to define indices
of intraventricular blood stasis using in vitro and computational models [62, 84].
However, most of these indices are based on Eulerian flow metrics and therefore fail
to capture the intricate unsteady nature of blood flow transport, as well as the mixing

between the blood volume entering the LV each heart beat and the residual volume



from preceding ones [35].

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 quanti-
tative 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 abil-
ity 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.

2.2 Methods

2.2.1 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 2.1.

2.2.2 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



Table 2.1: Clinical data of the studied cases. H.R: Heart rate, EDV: End-Diastolic
Volume, ESV: End-Systolic Volume, EF: Ejection fraction, HEALTHY: healthy vol-
unteer; NIDCM: non-ischemic dilated cardiomyopathy; LVAD: left ventricle assist
device.

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

spontaneous 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
[25]. 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 [30].

2.2.3 2D Image acquinsition, 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 (Gen-



eral 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 ve-
locimetry (echo-CDV), as previously described and validated in vitro [24| and in
vivo [6]. The 2D flow velocity fields together with the LV segmentation were used
to integrate the unit-forced transport equation and to calculate the spatio-temporal
evolution of blood residence time inside the LV (see below). Conventional Doppler-

echocardiographic data was recorded following current recommendations [44].

2.3 Residence time

2.3.1 Evolution equation fot residence time

The time spent by a blood particle inside the LV can be evaluated by a scalar
magnitude known as Residence Time (Tg). Using a Lagrangian approach, Tx evolu-

tion can be described by the advection equation with unit forcing,

83% +V (TincIr) =1 (2.1)
where ¥, is the velocity field, imposing zero-flux boundary conditions at the endo-
cardial wall and homogeneous Dirichlet conditions at the inlet /outlet. Previous works
have considered a similar equation with a non-zero mass diffusivity term [20, 49|, but
we note that the self-diffusivity of blood is negligible compared to its advective fluxes
inside the LV |7, 73]. The full derivation of equation (2.1) can be found in this chap-
ter’s Appendix. In the absence of a diffusive term, equation (2.1) can be completed
with explicit Dirichlet boundary conditions at the inlet, S;n, when the blood coming
from the left atrium enters the ventricle domain V4 .

Equation (2.1) was numerically integrated on a Cartesian grid using a second-
order Finite Volume discretization, in which T and v, were respectively interpolated
at each cell’s center and faces. We used a Total Variation Diminishing (TVD) flux

limiting scheme [46] 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 performed adopted keeping the Courant-Friedrichs-Lewy
(CFL) number below 0.5 throughout the whole integration and using a variable time
step, At, bounded between 0.005-0.0003 ms for the 2D-echo-CDV and 0.033-0.0005 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. Tr > 2
sec) were clustered and stored for further analysis using in-house algorithms. Clusters
smaller than 2% LV volume (area in 2-D) and clusters that did not span the whole

cardiac cycle were discarded and were not analyzed further.

2.3.2 PCMRI velocity correction 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 - Ui, # 0). Although
noise can be minimized by appropriate fine-tuning during data acquisition, apprecia-
ble errors remain in current state-of-the-art PCMRI measurements [13]. Errors in
mass conservation are particularly troublesome for the purpose of analyzing blood
transport and residence time because they introduce a spurious source term equals to
—TRrV - Uiy in the transport equation (2.1). This spurious term can generate unde-
sired variations in Tk 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 [14]. Note that, since the echo-CDV fields are derived
by enforcing mass conservation [24|, they automatically satisfy this condition.

Briefly, a velocity field derived from a potential function ¢ is added to the
original field, vy: U, = Uy + V. Imposing that v, is divergence-free allows for cal-
culating ¢ by solving a Poisson’s equation with non-homogeneous Neumann bound-
ary 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 [53].
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2.3.3 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 spatio-
temporal resolution (Ar = Ay = 0.94 mm, Az = 2 mm and At = 0.033 ms) of
this technique could pose a potential limitation. To rule out this possibility, we
performed a sensitivity analysis of the dependence of the Tk maps on the time and
space resolution in the echo-CDV data, which is better resolved (Az = 0.5 mm and
At = 0.005 ms). We progressively deteriorated the resolution of N = 3 echo-CDV
datasets and computed the average L, norm of the error in the Ty fields as a function
of Ax and At. Table 2.2 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.

2.4 Results and discussion

2.4.1 Residence time in 3D

The 3D+t spatiotemporal distribution of Tk in the LV was calculated from
PCMRI data. Figures 2.1 and 2.2 display 3D renderings of T at mitral valve open-
ing and at isovolumic contraction, respectively. The velocity field shows the strong
diastolic jet and associated vortex ring that characterizes LV filling flow [7]. In this
ventricle the region of highest Ty 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 Figure 2.3A). The
three-dimensionality of the Ty field is evident in Figures 2.1 and 2.2, and is caused
by the complexity of intraventricular blood flow and transport during the cardiac
cycle. However, the main features of this field are relatively well captured in the
three-chamber view (delineated by the magenta contour in Figure 1), particularly
the maximum value of Tk and its apical location. This result is important because
our echocardiographic estimation approach to estimate of Tk in humans using con-
ventional echocardiography is performed from velocity fields acquired in the three-

chamber view.
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Figure 2.1: 3-D intraventricular velocity field and residence time map in a pig at
mitral valve opening. The 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 \.; (imaginary part of the complex conjugate eigenvalue of V)
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Figure 2.2: 3-D intraventricular velocity field and residence time map in a pig at
the end of filling. The 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 A\, (imaginary part of the complex conjugate eigenvalue of V).
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HEALTHY

Mitral valve opening

(N-1 Cycle)

Residence Time
(sec)

Peak E wave

(N Cycle)

Iso-volumetric
Contraction

(N Cycle)

Mitral valve opening

(N Cycle)

Figure 2.3: Snapshots of 2-D intraventricular residence time along the cardiac cycle in
a healthy heart (A) and in two different examples of dilated cardiomyopathy (NIDCM)
patients (B and 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.
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2.4.2 LV residence time in non-ischemic dilated cardiomyopa-

thy

Dilated cardiomyopathy is a condition associated with increased risk of in-
traventricular thrombosis. The normal LV flow pattern has been reported to recy-
cle the blood volume inside the left ventricle every 2-3 heart beats (Figure 2.3A)
[10, 18, 35, 78]. However, blood transport is significantly altered in patients with
NIDCM by the large swirling flow patterns that are typical of this condition (Figure
2.3B-C) [6, 35]. In these patients, blood is trapped inside long-lasting vortices and
undergoes rotation throughout most of the cardiac cycle (see supplementary movie
1). Thus, proper assessment of intraventricular stasis should consider factors such
as the distortion of fluid particles and their kinetic energy density in addition to Tg.
The kinetic energy density of a fluid particle, defined as K = (u® +v?) /2, can be
used together with Ty 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

. 8uz an
Sy = (&Uj * oz,

and the second invariant is defined as Qs = trace (S3) /2. Note that Qg has dimen-

/2. For an incompressible flow, the first invariant of S;; is zero

sions of squared inverse of time, so it can be used to define a second stasis timescale
Ts = Q5"* in addition to Tf.

Figure 2.4 shows the spatial distributions of K and T in the regions with
Tr > 2 sec for the same ventricles of figure 2.3, at the end of diastole. As expected,
the normal LV (Figure 2.4A) does not show any significant region with Tr > 2 sec.
There is a small cluster located near the endocardium but it has relatively high K
and low Tg. Interestingly, both dilated LVs (Figure 2.4B-C) show large regions with
Tr > 2 sec 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
Tr . By contrast, the second diseased LV (Figure 2.4C) shows a separate, apically
located region with T > 2 sec that also has low K and high Tg, and is therefore

stagnant. These results illustrate how the combined analysis of the spatio-temporal
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Figure 2.4: Snapshots of 2-D K and T before mitral valve opening in the last con-
verged cardiac cycle in a healthy heart (A) and in two different examples of NIDCM
(B and C). 1st row: Kinetic energy density (K) mapping in the regions with in the
regions with T > 2 s. 2nd row: Distortion time (7%) in the regions with Tp > 2 s.
The NIDCM-2 case is at risk of apical blood stasis given the combination of low K
and large T.
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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.

2.4.3 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 throm-
bosis [9, 84]. 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 [43]. However, blood stasis has not been previously measured in
the patients implanted with LVADs.

Figure 2.5 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 (Figure 2.5A) shows a large region with T >
2 sec 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 Figure
2.5A. Consistent with the results presented in Figure 2.4, this region is associated
with relatively high values of kinetic energy density and low values of Ts , 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 Figure 2.5B). As a result, a region with high residence
time, moderate low kinetic energy and moderate low fluid distortion (moderately
high Ts) 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 [52|. These in vivo
results generally agreeare in agreement with previous in vitro experiments performed
using a cardiac simulator [84], although it should be noted that the drastic LV volume

unloading caused by LVAD implantation was not modeled in the in vitro study.
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Figure 2.5: Snapshots of 2-D intraventricular residence time along the cardiac cycle
in a patient before (A) and after (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.
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2.4.4 Simplified Residence Time Indices

An additional challenge to in introducing implement clinically relevant indices
of LV blood stasis is to incorporate metrics that integrate the spatio-temporal nature
of the Ty distributions, together with additional parameters such as K or Ts, into
simple metrics that can be used to compare values between patients. To address this
challengeTherefore, we identified Lagrangian clusters of residual volume formed by
spatiotemporally connected pixels with T > 2 sec (Figure 2.6A and supplementary
movie 2), and plotted the following indices as a function of time for each Lagrangian

cluster:

1. relative LV volume (area in 2D) occupied by each cluster (Vrg, Figure 2.6B),
2. spatially-averaged value of Tg in each cluster (Tra 2, Figure 2.6C),
3. spatially-averaged value of K in each cluster (Ko, Figure 2.6D), and

4. spatially-averaged value of T in each cluster (T2, Figure 2.6E).

The temporal profiles of VTR varied periodically, implying that the numerical
integration of eq. 1 achieved numerical convergence. Consistent with the instanta-
neous maps in Figure 2.3, the diseased hearts showed higher values of VIR than the
healthy volunteer throughout the cardiac cycle. Remarkably, in the NIDCM cases,
the profiles of Tgyr 2 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, Try o varied periodically for the healthy case, suggesting that blood is
not indefinitely trapped in healthy ventricles. Separate analysis of each Tz > 2 sec
Lagrangian cluster for diseased LVs showed that the apically located residual volume
in NIDCM case 2 had significantly higher values of T 2,and significantly lower val-
ues of Kjro 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 spatio-temporal maps of Tk , Ts and K. Furthermore, our results indicate
that individual analyses of intraventricular 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
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Figure 2.6: Example of region tracking (A) and time evolution of Vrgr (B), Thr2
(C), Kna (D), Tsaro (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)
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Lagrangian cluster of residual volume. The time-averaged indices are denoted with
an overline (e.g. Vrg) and are summarized in Table 2.3 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 (0 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 Vg 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 Try 2 in the diseased cases rendered Try 2 meaningless in
those cases. Conversely, the values of Ky and (Tsyo ) 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 (Vg &~ 7 %), its value of (K, ) was considerably low and its
value of Ty o was considerably high. Likewise, in the LVAD patient, Vrgr, Kz,
and Ty 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 spatio-temporal stasis patterns found in those two ven-
tricles. Further analysis with larger patient populations and validation with patient
outcomes (e.g. incidence of LV thrombus formation) are required to confirm these

trends.

2.5 Conclusions and study limitation

In this paper, implement an in vivo method to generate multi-dimensional
spatio-temporal maps of LV blood stasis. We 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 the LV since entering the chamber, which is obtained
by integrating a transport equation with unit forcing. A residence time threshold can

be used to automatically segment and label residual blood volumes that do not mix
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with the fresh blood entering the LV 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 we were able to discern if blood is stagnant inside of them. This
semi-Lagrangian categorization has been shown to anticipate thrombogenic regions
in a pilot study in patients with acute myocardial infarction [15].

To illustrate the residence time mapping methodology, we assessed intraven-
tricular blood stasis in several representative examples. The healthy LV presented
residual volumes of small size in comparison to NIDCM patients. Conversely, we
often observed large residual volumes inside the persistent swirling flow patterns that
develop in dilated LVs [6]. These results are concordant with previous studies based
on echo-CDV and PCMRI [10, 18, 19, 35].

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, we conclude 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 effectively stag-
nant. Thus, the new method proposed in this paper allows clinicians to assess the
degree of intraventricular blood stasis on an individualized basis. Future trials are
obviously necessary to address whether this method is suitable to predict the risk
of intraventricular thrombosis and, eventually, cardioembolic events. The possibility
of Lagrangianly tracking and analyzing each residual volume inside the LV at low
computational costs is instrumental for this purpose.

By combining echo-CDV and residence time mapping, we obtained the first
quantification of intraventricular blood stasis in patients with LVADs. Our results
suggest that intraventricular blood stasis in the LVAD-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 [52]. Mapping
methods as the one proposed herein show an excellent potential to correlate stagnant
regions with local and global wall motion abnormalities. This type of analysis may be

useful in optimally choosing the insertion sites for the LVAD cannulas on a per-patient
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basis.

The proposed methodological framework relies on clinical access to time-resolved
LV velocity fields but is independent of the imaging modality employed to measure
intraventricular velocity. In this work, we exploited this flexibility to obtain TR maps
from both 3D+t PCMRI and 2D+t echo-CDV velocity fields. This allowed us to use
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 fea-
tures and numerical values of T are well represented in the long-axis three-chamber
plane imaged by 2D echo-CDV. We 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 accu-
rately quantify intraventricular blood stasis. However, we noticed that this method
may be sensitive to low-scale velocities. Future clinical studies are needed to optimize
the adjustments of the VENC scale (PCMRI) and the Nyquist limit (Doppler) for
the purpose of quantifying stasis.

Currently, LV blood stasis 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 presence of intraven-
tricular anatomical elements such as papillary muscles and endocardial trabeculae,
which can locally increase mixing [7]. 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. (2.1) 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 simplifica-
tion may lead to inaccuracies in the estimation of LV 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 in patients with acute myocardial infarction [15], a condition in which an

individualized assessment of the risk of thrombosis is particularly necessary. If these
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promising results are confirmed in further trials, it is possible that the clinical infor-
mation provided by the quantitation of stasis using conventional ultrasound outweighs
by far the technical limitations of the method.

In summary, we have implemented a method to quantify and map intraven-
tricular 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 re-
placement, resynchronization therapy, correction or palliation of congenital cardiac
defects, and surgical ventricular restoration are all known to heavily disturb physio-
logical flow dynamics. Why and to what extent these procedures may impact stasis
can be clarified. Spatial, temporal and velocity resolution of current imaging modali-
ties are rapidly increasing, potentially allowing this type of analyses in other cardiac
chambers. The final objective of obtaining a reliable individual assessment of the
risk of cardiac thrombosis, useful for tailoring anticoagulant therapy and program-
ming cardiac interventions such as LVADs on a patient specific basis, seems therefore

achievable in the near future.

2.6 Appendix: Derivation of the residence time equa-
tion

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, T, are

% — vt 2VEE (), (2.2)
aT
LI (2.3)

where & () is a random forcing with a Dirac delta correlation function, and k
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is the diffusivity of the fluid particle within the rest of the fluid [26]. From these equa-
tions, it is straightforward to derive the Fokker-Planck equation for the probability
density function, p(z,T,t),

2
dp  O(vp) 5‘p+ké’p

ot or 9T " ox*

(2.4)

Notice that the relevant coefficient in equation (2.4) 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. To obtain an equation for the continuum
residence time, one can multiply by 7" equation (2.4), yielding to

oTp d(Tup) dp O*T'p

ot = or  Lor traz

(2.5)

This equation can be integrated in T between +oo to obtain a governing

equation for the ensemble average of T,

Tr(z,t) = /_OO T p(x,T,t) dT, (2.6)

[e.9]

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

The only non-trivial term when integrating eq. (2.5) is

/_ Tgpar (2.7)

Equation (2.7) can be handled by parts resulting in

/OoTa—TdT = [T, /_Oop dr = —1. (2.8)

It is straightforward to see that the first term in the right-hand-side of equation
(2.8) needs to be zero if p is integrable, and that the integral of p must be equal to 1
since p is a probability density function. Thus, combining equations (2.5), (2.6) and
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(2.8), one arrives at:

8TR_ a(UTR)
o ar HFk

0*Tx
o2’

(2.9)

The 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 phe-
nomena under flow at physiological shear rates [22, 45, 54, 58|. Therefore, we set
k = 0, which is analogous to previous studies of LV blood transport based on the
deterministic integration of fluid particle trajectories |35, 83]. Under these premises,

equation (2.9) becomes

8TR + 8(UTR)
ot ox

=1, (2.10)

which is the 1D analogous of equation (2.1).

2.6.1 An Equation for the Standard Deviation of Residence
Time
In a similar way, we can multiply by 72 equation (2.4) and obtain

2 2 22
8Tp:_8(Tvp)_T2@+k8Tp

ot oz oT ox? - (2.11)

This equation can be integrated in 7" between +oo to obtain a governing

equation for Sg, the second moment of 7" at each position and instant of time:

Sn(w,t) = /_ T T2 e T8 AT, (2.12)

o0

The only non-trivial term when integrating eq. (2.11) is

0p
2_
/ T2 ar, (2.13)
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which can be handled by parts, as done previously, resulting in

/_ TQa—TdT = [T?%p]”_ — / 2Tp dT = —2Tk. (2.14)

(o] —00
This allows to write an evolution equation for Sg:

Sk O(vSg) 0 Sk

Advecting both the second moment Sg and the average residence time Tg we

could now obtain for any point in time and space a measure of the standard deviation

O'T(I‘,t) = \/SR—T]%. (216)

of the residence time:
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Chapter 3

A Prospective Study in Acute

Myocardial Infarction

3.1 Introduction

Cardioembolic stroke is a major source of mortality and disability worldwide,
and blood stasis is the main risk factor for intracardiac thrombosis [1]. In conditions
such as atrial fibrillation or left ventricular (LV) systolic dysfunction, impaired blood
washout in the heart chambers is thought to facilitate the formation of clots that
eventually may dislodge. In-vivo quantification of stasis could be helpful to identify
specific flow patterns that predispose to the formation of intracavitary thrombi in
cardiac diseases. A variety of flow imaging modalities have become clinically available
[7, 10, 24| and it is now possible to accurately analyze the transport of blood using
ultrasound or phase-contrast magnetic resonance (MR) [10, 35, 65, 71|. Furthermore,
computational studies have shown the potential of blood flow analysis to quantify
stasis and thrombogenesis in the heart [35, 69, 71]. Recently, it has become possible to
obtain patient-specific maps of stasis in the LV using conventional echocardiography
[65]. We hypothesized that this method is useful for quantifying the abnormalities in
flow leading to stasis and for obtaining patient-specific metrics of cardioembolic risk.

Acute myocardial infarction (AMI) is an excellent clinical scenario to prospec-
tively test these hypotheses. During the first three months after an anterior-AMI, the
incidence of LV thrombosis (LVT) can be as high as 15-20% [27, 76, 81]. Thereafter

30
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the prevalence of LVT declines as stunned myocardium recovers after reperfusion.
Nevertheless, if systolic dysfunction persists, the risk of cardiac embolism exceeds
that of the general population [33]. Hence, sequential studies after AMI allow for ad-
dressing the time-evolving interactions among regional myocardial function, intraven-
tricular stasis and mural thrombosis. Additionally, a method for assessing the risk of
LVT would be of particular value patients with an anterior-AMI because prophylactic
anticoagulation must be balanced against the bleeding risk of triple antithrombotic
regimens. The present study was designed to address the clinical potential of an
ultrasound-based stasis imaging method in a prospective cohort of patients with an
anterior AMI. We aimed to characterize the stasis abnormalities induced by AMI, to
elucidate the biomechanical factors that determine stasis, and to test the performance

of stasis metrics to predict LVT.

3.2 Methods

3.2.1 Study Population

Seventy-eight consecutive patients admitted to our institution for a first ante-
rior ST-elevation myocardial infarction from July 2013 to January 2016 were prospec-
tively enrolled (Figure 3.1). Inclusion criteria were: 1) sinus rhythm, 2) absence of
greater than mild aortic regurgitation (due to methodological limitations for comput-
ing the flow velocity field), 3) LV ejection fraction < 45% within the first 72 hours
of AMI onset, 4) no previous history of myocardial infarction, 5) stable clinical sta-
tus, 6) Killip class < IV and 7) willingness to sign the informed consent. Suitable
images for processing were unavailable in 5 patients. Thus, this report is based on a
cohort of 73 patients with AMI, studied both in the early-phase (within 72 hours of
admission) and at 4-5 month follow-up (late phase, Table 3.5). For comparison we
enrolled 37 age-matched control subjects (age: 58 4 11 years old; 40% female) based
on the absence of known or suspected cardiovascular disease, normal electrocardio-
graphic and Doppler echocardiographic examinations, and no history of diabetes or
hypertension. The institutional review board approved the study, and all participants

provided written informed consent.



Table 3.1:

Clinical Data of the AMI Cohorts.
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CAD: coronary artery disease,

ACEI/ARB: angiotensin converter enzyme inhibitors/aldosterone receptor blockers.
ASA: acetylsalicylic acid. LAD: left anterior descending artery. PCI: percutaneous

coronary intervention.

N

Age (years)

Sex (Female)

LV mural Thrombosis
Heart Rate (bpm)

Systolic / Diastolic
Blood Pressure (mmHg)

Full AMI Cohort

Selected AMI Cohort

73
60 + 14
17 (23 %)
15 (20 %)
56 + 10

117 £ 17/ 69 £+ 12

37
50 + 12
3 (8 %)

15 (40 %)
57 + 11

117 £ 16/ 68 + 11

CAD risk factors

Hypertension 31 (42 %) 14 (38 %)
Hypercholesterolemia, 28 (38 %) 17 (46 %)

Diabetes Mellitus 12 (16 %) 6 (16 %)

Smoking 36 (49 %) 18 (49 %)

Cardiovascular Medications

Beta-blocker 64 (88 %) 35 (95 %)

ACEI / ARB 63 (36 %) 34 (92 %)
Diuretic 7 (10 %) 37 (100 %)
Statin 73 (100 %) 37 (100 %)

Antithrombotic medication

Aspirin 72 (100 %) 37 (100 %)

Clopidogrel 23 (32 %) 8 (22 %)

Ticagrelor or Prasugrel 50 (68 %) 28 (76 %)

Coronary Angiography
Associated non-culprit disease 22 (30 %) 10 (27 %)
Therapeutic Management

Primary PCI 70 (96 %) 35 (95 %)

Thrombolysis 3 (4 %) 1(3%)

No reperfusion therapy 1(1%) 1(3%)
Additional Revascularization 9 (12 %) 5 (14 %)
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37 Healthy Volunteers INCLUSION 78 patients with anterior AMI

EXCLUDED (n=5)
Not Suitable Ultrasound Window (n=5)
> Declined to participate (n=0)

Other reasons (n=0)

4 Y
STASIS
oy | ANALYSIS
; FULL AMI COHORT

Ea"V_F;hase SELECTED AMI COHORT (n=37)
(n=73) Unequivocal LVT assessed by:

Echo (n=12)
Lost to Follow-up (n=11) or

Heart Transplantation (n=1) > MRI (n=3)

Death from Cancer (n=1) i .
Death from Stroke (n=1) Uneq MRI (n=7t;f ol by:
Refuse follow-up (n=8) or

FULL AMI COHORT Echo & Near-Normal Apical Wall Motion (n=15)
Late Phase
n=62
(Ua2) LVT ASSESSMENT

* LVT was detected in 3 patients both using MRI and Echo

\

EXCLUDED (n=36)

Not undergo MRI (n=58)
and
Impaired Apical wall motion (n=58)
and
Not Unequivocal LVT assessed by Echo (63)

Figure 3.1: Study populations flowchart. We studied 73 patients with AMI at ad-
mission (n=73) and after 4-5 months follow-up (n=62) (early & late phases), and 37
healthy volunteers (control group). Given the limited sensitivity of echocardiography
to detect LVT, we selected a subset of n= 37 patients from the full-AMI cohort based
on unequivocal presence/absence of LVT and near-normal apical wall motion. The
full and the selected AMI cohorts were used to test the performance of stasis metrics
to predict LVT.

To assess the relationship between stasis metrics and LVT, in addition to ul-
trasound data we made use of late-enhanced gadolinium MR images from 15 patients
undergoing MR scanning at the early (n= 12) or late phases (n= 3) due to addi-
tional research studies. We defined LVT positive patients on the basis of unequivocal
LVT detection by non-contrast and contrast ultrasound and/or by cardiac MR. We
combined these LVT positive patients with two different LVT negative AMI groups
to define the full and selected AMI cohorts (Figure 3.1 & Table 3.5). In the full
AMI cohort, all non-LVT positive AMI patients were considered as LVT negative.
However, due to the limited sensitivity of B-mode echocardiography to detect LVT
[79, 80|, we defined a subset of the full AMI cohort (selected AMI cohort), based on:
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1) a LVT negative MR scan or 2) a LVT negative ultrasound examination which also
showed normal or near-normal apical wall motion. The latter was defined as apical
wall-motion scores < 5 (conventional B-mode) and < 7 (contrast echocardiography),

since these cutoffs exclude LVT in the setting of an anterior myocardial infarction
[80].

3.2.2 Image Acquisition and Analysis

Echocardiographic examinations were performed using a Vivid 7 scanner and
phase-array 2-4 MHz transducers (GE Healthcare). Three-dimensional sequences
were obtained from apical views to ensure complete apical visualization without fore-
shortening and used to measure LV volumes and ejection fractions. Contrast-echo
sequences were obtained in the AMI cohort (intravenous Sonovue, Bracco Imaging,
1-2 mL; pulse inversion imaging; mechanical index < 0.3). Two level-3 experts in
echocardiography blindly analyzed the presence/absence of LVT in the AMI group as
well as apical regional wall motion. LV sphericity was calculated as the short axis to
long axis ratio. Longitudinal and transversal myocardial strain and strain-rate were
measured from apical long-axis sequences using a 6-segment model (EchoPac version
110.1.2, GE Healthcare). The ratio between the E-wave velocity time integral and
the LV length (E-Wave propagation index) was also measured [34].

3.2.3 Magnetic Resonance Imaging

Fifteen AMI patients underwent late-enhancement gadolinium MR scanning
(Philips Achieva 1.5T) at the early (n= 12) or late phases (n=3) due to additional
research studies. The MR imaging protocol included a cine steady-state free preces-
sion imaging of LV function (SENSE X 2, repetition time: 2.4 ms, echo time: 1.2
ms, average in-plane spatial resolution: 1.6 x 2 mm, 30 phases per cycle, 8-mm slice
thickness without gap) and late enhancement imaging (3D inversion-recovery turbo
gradient echo sequence, pre-pulsed delay optimized for maximal myocardial signal
suppression; 5-mm actual slice thickness, inversion time: 200-300 and 600 ms). Im-
ages were obtained in short axis (10 to 14 contiguous slices) and 4-, 2-, and 3-chamber

views. Late enhancement was performed 3 to 10 min after injection of 0.1 mmol/Kg
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of gadobenate dimeglumine (MultiHance, Bracco Imaging).

3.2.4 Stasis Imaging and Mapping

We used color-Doppler velocimetry (Echo-CDV) to obtain the unsteady two-
dimensional (2D-+t) flow field as previously described [6, 24, 50| (Figure 3.2). For this
purpose, we acquired consecutively color-Doppler sequences of 8 to 14 beats, followed
by a 2D cine-loop (4 beats) at high frame-rate without moving the probe. Echo-
CDV provides the cross-beam flow velocity by integrating the continuity equation
under a planar flow assumption, imposing a condition of non-flow penetration at the
myocardium-blood interface. The technique has been validated in vitro [24] and in
vivo [6].

We defined residence time as the time spent by a blood particle before it leaves
the chamber. We have previously shown that spatio-temporal maps of residence time
can be efficiently obtained in the LV from 2D+t echo-CDV data by integrating the
equation of advection of a passive scalar with unit forcing [65]. We solved this equation
for 8 consecutive cardiac cycles to ensure temporal convergence (Figure 3.2). From
the residence time maps, we calculated the average residence time of the entire blood
volume inside the LV. This is a representative metric of global stasis that accounts for
the full blood pool in the ventricle. However, local stasis metrics may be particularly
meaningful for mural thrombosis. Therefore, we also identified and tracked blood
regions with a residence time > 2 s, hereinafter defined as stagnant regions.

Blood clusters with residence time > 2 seconds were defined as stagnant re-
gions. The basis of this threshold is the well-accepted decomposition of LV blood
volumes based on their transit |7, 10]: direct flow (blood volume that enters and exits
the LV in the same cardiac cycle), retained inflow (incoming blood volume that is not
ejected during the same cycle), delayed ejection (ejected blood volume that entered
the LV in a previous cardiac cycle) and residual volume (blood volume 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). Thus, if the residence time of a blood particle
is > 2 seconds ~ 2 cardiac cycles, then it belongs to the residual volume pool and

it is stagnant. Note that the existence of small stagnant regions that remain in the
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LV for periods > 2 s may be physiological in the normal heart and is not per-se an
indicator of increased thrombogenesis risk.

We measured the following features of these stagnant regions: 1) size relative
to total LV volume (area in 2D) (dimensionless), 2) mean residence time (in seconds),
and 3) perimeter of contact with the endocardium (in cm). The contact perimeter
of stagnant regions with the endocardium accounts for flow-endocardium interactions
that most intensively activate the coagulation cascade [69]. The features of stagnant
regions were automatically measured at the instant of mitral valve opening. Stagnant
regions not spanning a full cardiac cycle or < 2% of LV area were dismissed, and
whenever more than one region were identified, only the one closest to the apex was
analyzed.

Additionally, the time and perimeter metrics were normalized with the period
of the cardiac cycle and total endocardial length respectively, in an effort to derive di-
mensionless stasis metrics less sensitive to heart rate and LV size (see Table 3.6). The
test-retest reproducibility of stasis metrics was good (intraclass correlation coefficient
> 0.75 for most indices; Table 3.2).

We analyzed the two-dimensional evolution of the filling E-wave with respect
to the LV lateral wall and its effect on blood stasis. To this end, we categorized
filling jets as wall jets or free jets depending on whether they impinged or not on the
inferolateral wall (2 independent observers). This categorization is standard in fluid

mechanics [82].

3.2.5 Statistical Analysis

Apical strain was computed by averaging the values from the mid-anteroseptal,
apical-septal and apical-inferior segments. Variables are described as mean =+ stan-
dard deviation unless otherwise specified. Proportions were compared using chi-
squared tests. Quantitative variables were analyzed using paired and unpaired t-tests
where appropriate. To analyze the determinants of stasis we pooled the control, early
AMI and late AMI cases (n= 172). We used Pearson linear correlation and multiple
linear regression analyses (backwards stepwise regression based on Alkaike’s infor-

mation criterion, ruling-out significant interactions as well as collinearities based on
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the variance inflation factor). We calculated receiver-operating characteristic curves
(ROC) to assess the diagnostic performance of stasis indices to predict LVT in the
full and the selected AMI cohorts. Sensitivity, specificity, positive predictive values
(PPV) and negative predictive values (NPV) were calculated based on cutoffs de-
rived from the ROC analyses. Bias corrected and adjusted 95% intervals of ROC
parameters were obtained by bootstrapping of 2,000 replicates. Two sets of cut-off
values were selected: 1) to maximize the negative predictive value as recommended
when a second-step confirmatory examination, i.e. late gadolinium-enhanced MR,
is available, and 2) to maximize diagnostic performance. Statistical significance was

established at the p< 0.05 level (R version 3.2).

3.3 Results

3.3.1 Clinical Data and Convential Echocardiography

Seventy patients (96%) were acutely treated by percutaneous coronary inter-
vention, 3 (4%) received thrombolytic therapy, and 1 (1%) did not receive reperfu-
sion therapy. All patients except one received dual antiplatelet therapy of aspirin and
clopidogrel (23,32%), ticagrelor or prasugrel (50, 68%). Patients diagnosed of LVT re-
ceived oral anticoagulation. Two patients died during follow-up. One patient suffered
a fatal acute stroke during early admission without LVT being identified in the early
echocardiography study. The other one died of cancer two months after inclusion.
One patient underwent heart transplantation, and 8 patients were lost to follow-up.
Thus, late-phase imaging data was available in 62 (85%) patients at a median (Q1 -
Q3) follow-up period of 4.6 (3.7 - 5.3) months (Figure 3.1). LVT was diagnosed in 15
(20%) patients, 12 and 3 of them in the early and late studies, respectively. These 15
patients were defined as the LVT positive group. The selected cohort was composed
of the 15 LVT-positive patients, n= 7 LVT-negative by MR, and n= 15 LVT-negative
by conventional and contrast-echocardiography showing normal or near normal apical
wall-motion (Figure 3.1).

Compared to controls, AMI patients in the early phase showed larger LVs and

lower values of ejection fraction and apical strain, as expected (Table 3.4). From the
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Table 3.4: Conventional Ultrasound Data of the Full AMI Cohort and the Control
Population. *: p< 0.05 Early AMI vs Control, $: p< 0.05 Early AMI vs Late AMI

and #: p<0.05 Late AMI vs Control.

Early AMI Late AMI Control
End-diastolic volume index (mL/m2) | 57 + 13%* 63 £ 21# 46 + 8
End-systolic volume index (mL/m2) 32 + 10* 32 + 16% 17+4
LV Ejection fraction (%) 43 + 9%+ 52 + 10%# 63 £ 5
End-diastolic diameter (cm) | 4.7 £ 0.6 4.8 £ 0.6% 44+ 0.4
End-systolic diameter (cm) | 3.5 + 0.7* 3.6 + 0.67 3.1+04
LV mass index (g/m2) | 97 + 22* 04 £ 22# 69 £ 13
LV Sphericity | 0.55 £ 0.07  0.55 & 0.07  0.55 4+ 0.07
Apical Peak Transversal Strain (%) | 12.2 4 9.3% 187 £ 11.3 21.1 £ 23.5
Apical Peak Longitudinal Strain (%) | -10.2 £ 4.3%* -16.4 + 6.2% -20.6 + 4.1
LV filling wall jet [n (%)] 34 (47%) 5 (57%) 12 (32%)

early to the late-phase studies of the AMI cohort, EF improved from 43 + 9 to 52 +
10% (p< 0.001). Apical strain also improved significantly during follow-up, although

longitudinal strain remained significantly lower than in the control group (Table 3.4).

3.3.2 Stasis Imaging

Global residence time was > 37% higher in the early phase of AMI (full AMI
cohort) than in controls (2.2 + 0.8 s vs. 1.6 0.7 s, p= 0.001), subsequently improving
in late-phase studies (1.9 + 0.8 s, p= 0.009 vs. early-phase; Table 3.5 and Figure
3.3). Features of stagnant regions were also different in the early AMI studies than
in controls. In particular, stagnant regions were larger (0.38 £ 0.17 vs. 0.27 £ 0.2,
p= 0.003), with longer regional residence times (4.0 + 1.0 vs. 3.6 & 1.5 s, p =0.04),
and with an average 3 cm longer perimeters of endocardial contact (11.3 £+ 3.2 vs 8.3
+ 2.4 cm, p< 0.001). The stasis metrics improved towards control values in follow-
up studies of AMI patients, and only the perimeter of endocardial contact remained
significantly above control values (9.6 £ 4.2 cm, p= 0.04). Correlation among the

indices of stasis is shown in Table 3.2. Normalized dimensionless metrics of stasis

followed similar trends (Table 3.3).
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Table 3.5: Stasis Mapping Data of the Full AMI Cohort and the Control Population.
*: p< 0.05 Early AMI vs Control, $: p< 0.05 Early AMI vs Late AMI and #: p<0.05

Late AMI vs Control.

LV Global Stasis Early AMI Late AMI Control
Average residence time (s) | 2.2 & 0.8 ¥, 1.9+£08 1.6 £0.7
Regional Stasis
Size of stagnant regions | g9 4 175 032 4020 0.27 + 0.21

(dimensionless) ’

Residence time of the 404108 37410 36409

stagnant regions (s) ' o ' ’ ' '

Endocardial contact length 113 £ 395 06+ 49% 834924

of stagnant regions (cm)

Table 3.6: Stasis Mapping Data of the Full AMI Cohort and the Control Popula-
tion. For this table, average residence is expressed in terms of the number of cardiac
cycles and regions of stasis defined as blood regions lasting longer than two beats.
Endocardial contact length of stagnant regions is expressed in relative terms to total
endocardial perimeter. *: p< 0.05 Early AMI vs Control, $: p< 0.05 Early AMI vs
Late AMI and #: p<0.05 Late AMI vs Control.

LV Global Stasis | Early AMI Late AMI Control
Average residence time | o | g5 9408 17409
(cycles)
Regional Stasis
Size of stagnant regions | ) 155+ 030+ 02 0.27 + 0.16
(dimensionless)
Residence time of stagnant | - ) | g 15« 36410 38+ 1.1
regions (cycles)
Endocardial contact length
of stagnant regions | 0.67 & 0.14%* 0.59 &+ 0.21 0.58 & 0.13

(dimensionless)
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Figure 3.3: Stasis Imaging. Boxplots and scatterplots of stasis indices for the control
group (blue) and the AMI patients at the early (dark red) and late phases (light red).
A: Average residence time (s). B: Size of the stagnant regions (dimensionless). C:
Average residence time of the stagnant regions (s). D: Endocardial contact length of
stagnant regions (cm).
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Figure 3.4: Wall Jet & Stasis. Scatterplots and boxplots of stasis indices (pooled early,
late and control studies) with and without wall filling jets. Controls are depicted in
blue whereas the AMI patients at the early and late phases are shown in dark red
and light red, respectively. A: Average residence time (s). B: Size of the stagnant
regions (dimensionless). C: Average residence time of the stagnant regions (s). D:
Endocardial contact length of stagnant regions (cm).
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3.3.3 Determinants of Stasis

By univariate analyses the EF, end-systolic volume index, apical longitudinal
strain and the E-wave propagation index correlated with global and regional indices
of stasis (n= 172 pooled control, early and late full AMI cohort studies; Table 3.7).
However, it is important to note that all stasis metrics were significantly worse in
ventricles without a filling wall jet (Figure 3.4). Detailed inspection of stasis movies
showed that filling wall jets readily propagated apically transporting fresh blood to-
wards the apex. By multivariate regression, the absence of a filling wall jet and the
end-systolic volume were the main determinants of the global residence time (std — 3
= -0.44, p< 0.001 and std — = 0.22, p= 0.02, respectively) and endocardial contact
of the stasis region (std — 5 = -0.34, p< 0.001 and std — 5 = 0.48, p< 0.001, respec-
tively), whereas apical strain also had a significant impact on both indices of stasis
(Table 3.7).

3.3.4 Stasis and Mural Thrombosis

In early-phase studies of the full AMI cohort, the 15 LVT-positive patients
had significantly different stasis metrics than the 47 LVT-negative patients (Figure
3.5). Values of global residence time were higher in LV T-positive patients (2.7 4+ 0.9
vs. 2.0 £ 0.8 s, p= 0.01). LVT-positive patients also showed larger regions of stasis
(0.50 £ 0.15 vs 0.36 £ 0.16, p= 0.01), with higher regional residence times (4.6 £+ 1.0
vs 3.9 £ 1.0 s, p= 0.02) and longer endocardial contact perimeters (13.0 £+ 3.1 vs 10.8
+ 3.1 cm, p= 0.02) than the LVT-negative patients. Similar results were obtained
when only the selected cohort was analyzed (Figure 3.5).

The diagnostic performance of regional stasis metrics to predict early or late
LVT was favorable. Overall area under the ROC curve was 0.73 (bias corrected and
adjusted 95% confidence interval: 0.61 - 0.86) for the global residence time and 0.69
(95% CI: 0.54 - 0.83) for endocardial contact perimeter of stagnant regions in the full
cohort (Table 3.8 and Figure 3.6). Respective values were 0.80 (95% CI: 0.66 - 0.94)
and 0.69 (95% CI: 0.51 - 0.86) in the selected cohort. The highest sensitivity was found
for cutoff values of 1.6 s for the global residence time and 9.0 cm for the endocardial

contact length of the stagnant region (Table 3.8). Representative examples of AMI
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Figure 3.5: Stasis & LVT. Boxplots and scatterplots of stasis indices of early-phase
studies of the AMI cohort, with and without LVT. Patients form the selected cohort
are represented by empty dots and the narrow boxes. Black dots show the three
patients who showed LVT in the late but not in the early-phase study. A: Average
residence time (s). B: Size of the stagnant regions (dimensionless). C: Average res-
idence time of the stagnant regions (s). D: Endocardial contact length of stagnant
regions (cm).
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patients with and without LVT are shown in Figure 3.7.

3.4 Discussion

To our knowledge, this is the first prospective study addressing the clinical po-
tential of functional stasis imaging. We demonstrate that objective indices of ventric-
ular stasis can be derived from bedside echocardiography and we describe important
blood transport abnormalities in patients after an anterior AMI. We also show that
stasis imaging sensitively captures the improvement in blood washout that follows
wall motion recovery. Furthermore, we identified biomechanical factors predisposing
to stasis. Thus, stasis imaging techniques provide new insights into cardiac physiology

and may be useful to measure cardioembolic risk.

3.4.1 Stasis as an Index of Cardiac Physiology

Avoidance of blood retention in the normal LV is the consequence of complex
transport dynamics taking place during systole and diastole. Intuitively one could
assume that blood in the LV follows a first-in-first-out transit but not even the normal
ventricle works this way. A portion of the blood volume entering the LV exits the
chamber during the ensuing systole, whereas other portions are retained [10]. The
size, location and persistence of these remnant fractions are conditioned by complex
interactions among the entering blood, the valves, the myocardial wall and the vol-
ume already present in the ventricle. It is the spatiotemporal coordination of these
processes that determines the degree of stasis and washout. The lack of methods
for visualizing and quantifying stasis has limited studying blood volume interplay
and transport phenomena in the clinical setting. Initial studies using MR laid the
foundations for understanding blood transport in the heart, but the analyzed time
span was too short to address stasis [10]. In the recent years, several methods for
tagging, tracking and quantifying blood transport have been optimized for longer pe-
riods 65, 69]. Residence time is an intuitive metric to assess global and regional stasis
in the heart [35, 65]. Using this metric cardiac hemodynamics can be evaluated not

only in terms of mechanical energy and force but also of avoidance of blood retention.
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Figure 3.6: ROC analyses. Receiver operating characteristic (ROC) curves for the
average residence time (A & B) and the endocardial contact length of stagnant regions
(C & D) for the diagnosis of LVT. Full AMI Cohort: A & C. Selected AMI cohort:
B & D.
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Figure 3.7: Examples. Patient without (A, C, E, G, I) and with LVT (B, D, F,
H, J). A-B: 2D+t Flow maps. C-D: Residence time maps in the last beat. E-F:
Segmentation and tracking of stagnant regions. G-H: B-Mode 4-chamber view. I-J:
B-Mode 3-chamber view. Yellow arrowhead: apical thrombus.
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3.4.2 Myocardial Function and Stasis

In AMI, impaired wall motion and/or LV remodeling may disturb the physio-
logical flow trajectories that facilitate blood washout [6, 7, 50, 60, 65]. Increased blood
spontaneous contrast is a classical echocardiographic sign of stasis [81]| and apical re-
gional wall motion is closely related to mural thrombosis [80]. In the present study
we elucidate these empirical observations using quantitative stasis metrics and we de-
scribe the changes in flow that take place upon the recovery of myocardial function.
Our results show that factors beyond wall motion [80] and apical flow propagation
[34] impair blood washout. Flow-mediated factors may also explain why conventional
indices of LV function such as EF are limited to guide preventive anticoagulation [38].

Avoidance of blood retention is believed to be one of the teleological advan-
tages of the complex flow patterns observed in the human heart [7|. The vortex ring
that develops during diastole has a prominent role in transporting blood and is a
major contributor to filling [50, 66]. As the ventricle dilates, although the vortex
grows, its propagation along the long axis decreases, diminishing its interaction with
apical blood [6]. Recent studies in AMI have associated LVT to the degree of apical
propagation of the filling column [34], as well as to the location and pulsatility of the
LV vortex [56, 71]. In our study, we demonstrate that the orientation of the filling
jet is also a major determinant of stasis. Compared to patients with free filling jets,
we found improved washout in patients in whom the inflow jet is oriented towards
the inferolateral wall. The trajectory of the filling jet is related to LV inflow tract
geometry, the magnitude of the diastolic intraventricular pressure gradients [88] and
the degree of remodeling. In theory, particular LV configurations may idiosyncrati-
cally promote or protect against stasis. In addition, inflow redirection could be an
unreported mechanism promoting intraventricular thrombogenesis after mitral valve
replacement. Further 3-dimensional geometrical analyses are warranted to address
these issues.

Hypothetically, stagnant regions may activate blood clotting without macro-
scopic wall thrombosis ever being detected, either because a small mural thrombus is
missed, or because the thrombotic material embolizes before imaging. In fact, tran-

scranial Doppler has recorded microembolisms in as many as 25% of patients during
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AMI [55]. These microembolisms are not clinically meaningful in most cases, but
such a high incidence rate emphasizes the need of further investigation in this set-
ting. Methods to quantify stasis as the one herein proposed are particularly promising
for this purpose. In addition to stasis, local and systemic factors (e.g. endocardial
disruption and inflammation) also contribute to thrombogenesis and these additional
factors could account for the moderate positive predictive value we observed in our
study. However importantly, these local and systemic factors can be combined with

stasis metrics to obtain composite biomarkers of thrombotic risk [69, 71].

3.4.3 Limitations

LV flow is intrinsically three-dimensional but for the present study we used a
2D based approach. Although a planar flow simplification may lead to inaccuracy,
2D methods have important practical advantages. First, computational requirements
are markedly reduced when implemented in 2D [65]. And second, ultrasound-based
modalities are more accessible in the setting of AMI than phase-contrast MR. We have
shown that the key spatial features and numerical values of residence time are well
represented in the long-axis three-chamber plane imaged by 2D echo-CDV [65]. Thus,
we do not believe that the main conclusions of our study would change qualitatively
when using 3D techniques. As stated above, we did not take into account local and
systemic factors that may modulate the risk of LVT. Because a number of stasis
metrics were tested, we cannot exclude a certain degree of overfitting in our results.
Because we did not perform MR studies in all patients, the exact values of diagnostic

performance of stasis metrics to predict LVT must be interpreted with caution.

3.4.4 Clinical Implications

Although we focused on the LV in patients with anterior AMI, other heart
chambers and cardiac conditions can also be analyzed applying residence-time meth-
ods to flow measurements obtained either by phase-contrast MR [65] or computational
fluid dynamic methods. Of particular interest is the field of atrial fibrillation, in which
the established paradigm of mural thrombosis formation in the left atrial appendage

has been questioned [11]|. Also, a full understanding of the mechanisms involved in
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the thrombotic phenomena of LV assist devices is an unmet need of clinicians and

engineers [84].

3.5 Conclusions

Stasis imaging is a useful technique to detect increased intraventricular blood
retention in the heart. In anterior AMI, blood stasis is due not only to abnormal
apical regional function but also to individual factors of inflow direction. Severe
blood transport abnormalities and stasis are identified in patients who develop or are
at risk for developing LVT after an anterior AMI. Thus, stasis mapping is a promising

method to assess the risk of embolism in cardiac diseases.
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Chapter 4

Clinical assessment of intraventricular
blood transport in patients
undergoing cardiac resynchronization

therapy

4.1 Introduction

Heart failure (HF) is an increasing global problem for healthcare systems.
Responsible for high morbidity and mortality rates in developed countries, HF is the
endpoint of a number of chronic cardiovascular diseases [32]. In more than half of
patients with HF, the major hallmark of the disease is an impairment of systolic
mechanics of the left ventricle (LV). The disease evolution entails a progression of
myocardial damage which may also affect the conduction system of the heart. If
the conduction in the left-bundle-branch is functionally disturbed, the physiological
pathway of normal LV activation is lost. By delaying the onset of mechanical systole
of the LV free-wall, left-bundle-branch block leads to a dyssynchronous contraction
of the ventricular walls [21].

Dyssynchrony is associated with a higher risk of both worsened failure and
sudden cardiac death [39]. In addition to intraventricular conduction abnormalities,

patients with dyssynchrony also frequently have associated impaired conduction from

56



57

the atria to the ventricles. Atrioventricular (AV) dyssynchrony further impairs the
ability of the failing heart to pump blood, worsening the severity of HF [41, 47, 68,
85, 86].

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 [12, 59]. 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 [31, 57, 72|. 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 [3, 77, 90|. However, the
best method to optimize the AV delay is still controversial [40, 67].

Nature has optimized the coupling of molecular, electrical and mechanical pro-
cesses of the heart, leading to flow patterns that minimize energy losses and facilitate
the smooth redirection of incoming blood towards the outflow tract [10, 42, 63, 87|.
The interaction between wall mechanics and intracavitary flow establishes fluid trans-
port barriers, which separate the blood that transits from inflow directly to outflow
each cardiac cycle from the blood that is retained inside the LV [10, 17-19, 23|. La-
grangian particle tracking using time-resolved 3D phase-contrast MRI velocity fields
[83] and analysis of Lagrangian coherent structures (LCS) have been instrumental
to quantify these transport barriers [10, 35|. 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 [5]. 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 [35]. When compared

to baseline conduction, biventricular stimulation seems to improve organization of
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intraventricular flow, suggesting that intraventricular flow analysis is a useful tool
to understand the effects of resynchronization on heart mechanics [29]. 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 [61]. 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 LV.

4.2 Methods

4.2.1 Study Population

The present study is based on the analysis of 9 patients with HF and CRT
under different AV delays and 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 [6]. 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 4.1.

4.2.2 AV Delay Settings and Data acquisition

In the patient group, ultrasound sequences were acquired at 5 different pro-

gramming settings to analyze the effect of pacing (CRT on vs CRT off), the AV delay
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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, images were again acquired at 100
bpm induced by atrial pacing. Finally, patients were studied after turning off the
cardiac pacing (CRTOFF). Maximum AV was obtained by increasing AV delay until
capture was lost due to intrinsic conduction. Minimum AV was obtained by decreas-
ing the AV delay 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 A-wave, achieving maximal separation between the E- and the
A-waves. Briefly, DF'T 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 [72].
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 ob-
tained from the 5-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 [6].

4.2.3 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 recon-
structed the time-dependent flow field inside the LV using 2D echo-CDV, as previ-
ously described and validated in vitro [24] and in vivo [6]. Conventional Doppler-

echocardiographic data was measured following current recommendations [44].
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Figure 4.1: 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). Notice the truncation of the A wave for AVMIN,
affecting the timing of atrial driven filling, and the fusion of the E and A waves for
tachycardia.

4.2.4 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 LV wall
tracking data as input, we solved an advection equation for a passive scalar field ¢

with uniform initial conditions and step-wise Dirichlet inflow boundary conditions,

Dy 0y Loy

Y (x,t =0) = 1y = const, (4.2)
’QZ) (Xinleta 0<t< tl) = ¢0 = const, (43)
¢ (Xinleta 1 <t< t2) = ¢0 = const, (44)

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 LV. For instance, one
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can implement a two-step inlet boundary condition to track the evolution of the two
fluid volumes that enter the ventricle 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
[7, 73]. Thus, we did not include a diffusive term in the transport equation. This
approach is analogous to previous analyses of LV blood transport based on the de-
terministic integration of fluid particle trajectories [10, 17, 18, 23, 35]. 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 LV. Equation
(4.1) was numerically integrated using previously described in-house software written
in FORTRAN [65]. The equation was discretized on a Cartesian grid by a 2nd-order
finite volume method, and a total variation diminishing flux limiting scheme [46] 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 1) 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 (4.1) was integrated with uniform initial conditions and two differ-
ent inlet boundary conditions for the E wave and A wave (e.g. ¢(z,t = 0) = 0,
V(Tinger,t € E—wave) = 1 and (Tiper,t € A —wave) = 2). The iso-contours
¥ = 0,1,2 allowed us to track the time-evolving distribution of the blood that en-
tered 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, Sg and S, 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, Sg/Spy and S4/Spv, as well as the normalized apical position

of each wave’s front Xg/L and X /L, where L is the long axis length of the LV (i.e.
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X/L =0 is the LV base and X/L =1 is the LV apex).

In addition to tracking the filling transport patterns, we analyzed the spa-
tiotemporal evolution of the blood that is ejected each cardiac cycle by integrating
equation (4.1) backwards in time with uniform initial conditions, and Dirichlet bound-
ary 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) [10].
For the purpose of 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;) =
(g—: + 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. Mpr =
S s, 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 [61]. We calculated the ratio ng = 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/Sry, was also
computed to quantify the efficiency of volumetric blood transport within one cardiac
cycle.

In addition to focusing kinetic energy towards 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
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Table 4.2: Intraclass correlation coefficient (R;.) of the reproducibility study. Spp:
Direct flow, Sg;: Retained inflow, Spg: Delayed ejection, Sgr : Residual flow and,
Spv: Whole LV planar volumes. Sg/ryv and S4/Spy, fraction of LV size occupied by
the E and A waves.

Parameter Intraobserver Interobserver
Spr/Stv (Npr) 0.75 0.85
Sr1/Stv 0.46 0.51
Spe/Swv 0.70 0.69
Srr/Stv (Arr) 0.68 0.84
Se/SLv 0.73 0.77
Sa/Stv 0.53 0.53

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, ny =
Mbpr - ervor/|Mpr|, where epyor is 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 (4.1) and the post processing work were programmed
to be automatic and no-operator dependent. 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 fi-
nal index computation by two independent observers; n— 7 normal subjects) was

relatively good for most calculated indices (Table 4.2).

4.2.5 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 cor-
relation coefficient (R;.). All analyses were performed in R (v. 3.2) and p values <

0.05 were considered significant.
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Figure 4.3: Percentage 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.
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Table 4.3: Results of E and A wave tracking at mitral valve closing (average +
standard deviation). Xpg/ and X,4/L : normalized apical position of each E and A
waves. Sg/py and Sa/Spy, fraction of LV size occupied by the E and A waves.

OFF AVOPT AVMIN  AVMAX  100BPM NORMALS
Xg/L | 0.81£0.14 0.824+0.12 0.83+0.14 0.87+0.11 0.51+£0.16  0.75+0.08

Xa/L | 0.45+£0.16 0.45+0.23 0.30+0.20 0.5140.22 0.47+0.12
Sg/Spy | 0.1840.1 0.20+£0.06 0.21£0.08 0.184+0.07 0.154+0.10  0.2840.04
Sa/Spy | 0.10£0.05 0.154+0.07 0.104+0.06 0.134+0.06 0.16£0.08

4.3 Results

4.3.1 Intraventricular Inflow and Blood Transport Under Car-

diac Resynchronization Therapy

CRT and AV delay optimization modify the inflow velocity profile in patients
implanted with bi-ventricular pacemakers. This is illustrated in Figure 4.1, which dis-
plays pulsed wave Doppler (PW) measurements from a representative patient (CRT7,
see Table 4.1) 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 phase driven by the 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.

4.3.2 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 [91]. Consequently, as
said above, changes in AV delay modify the dynamics of the filling flow driven by the
E and A waves. Figure 4.2 illustrates these differences for the same patient shown

in Figure 4.1. The total amount of blood entering the LV varied between 26% and
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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 4.3). 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 (Figure 4.3A). The observed increase in the
early LV filling volume was particularly noticeable for AVOPT, where 6 out of the 9
patients experienced an increase in Sg/Sry. We found a similar trend for CRT to
increase the apical position of the E-wave front (Table 4.3). Moreover, CRT caused

moderate rising in the late filling volume fraction S4/Sry (Figure 4.3B).

4.3.3 Time-Evolution of Intraventricular Transport Regions

Figure 4.4 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 figures 4.1 and 4.2. 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. Figure 4.5A and Table 4.4
summarize the statistics of npr as a function of AV delay in the patient population,
including reference data from healthy subjects and previous studies. Consistent with
Figure 4.4, 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 7pp increased by a factor of ~ 3. The variation of nppr was
less pronounced for the two other AV delay settings, though npr 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 Agp = Sgr/Sry (Figure 4.5B). Eight out
9 patients reduced their residual volumes at AVOPT. Nevertheless, AVMAX also
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Table 4.5: Flow kinematic efficiency parameters obtained at aortic valve opening
(average £ standard deviation). ng: 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; n,;: net acceleration
transferred to the direct flow region in the direction of the LV outflow tract normalized
with the total magnitude of this acceleration.

OFF AVopt AVmin AVmax 100bpm  NORMALS
nk | 0.09£0.07 0.254+0.18 0.224+0.13 0.18+0.15 0.07£0.09  0.25£0.08
Ak | 0.36+£0.10 0.26+£0.21 0.254+0.14 0.2940.20 0.49+0.30  0.16+0.05
na | 0.37+£0.61  0.70+£0.43 0.60£0.57 0.62£0.61 0.76+£0.27  0.6840.20

provided a significant effect (Agp decreased in 7/9 patients).

We found nx to be higher in the healthy subjects than in the patients with
CRTOFF. Furthermore, there was a clear trend of increase in nx with CRT that
was relatively insensitive to the AV delay. Additionally, CRT decreased the amount
of inflow kinetic energy that remains in the residual volume at the end of diastole,
Ak = Kgr/Kpy. The observed decrease in wasted kinetic energy was most significant
for AVOPT and AVMIN, with A showing variations in 8 and 9 (out of 9) patients
respectively (Figure 4.5D, Table 4.5). Figure 4.5E and Table 4.5 summarize the
statistics of 1), at the onset of systole. Similar to npr and 7k, this directional
parameter became higher with CRT regardless of the AV delay, showing an increase

in 6 out of 9 patients for AVMIN, AVMAX and AVOPT.

4.4 Discussion

In the present study we implement a high-throughput method, suitable for
visualizing and measuring flow transport in the LV using ultrasound in the clinical
setting. This method is based on a continuous semi-Lagrangian formulation that
allowed us 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
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Figure 4.5: Statistics of intraventricular blood redirection efficiency at aortic valve
opening in patients (N=9) undergoing CRT with different AV delay settings, com-
pared with healthy volunteers (N=3). A) Fraction of LV volume that undergoes direct
flow in the imaged plane, npr = Spr/Sry. B) Fraction of LV occupied by residual
volume in the imaged plane, Agr = Sgr/Sry. C) Fraction of total kinetic energy
in the LV contained in the direct flow region, A = Krp/Kry . D) Fraction of total
kinetic energy in the LV contained in the residual volume, nxg = Kpr/Kry . E) Net
acceleration communicated to the direct flow region in the direction of the outflow
tract, normalized by the total acceleration magnitude, n = Mpr - epvor/|Mpr| ).
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.
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[10] or Doppler-echocardiography [35]. Our data compare well with previous studies
using phase-contrast MR in healthy and diseased hearts, as shown in Table 4.4.

We 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.

However, the functional consequences of intraventricular flow organization re-
main mostly unknown. It has been shown that diastolic vortex structures are useful
to efficiently transport flow from the LA towards the apex, both during the early and
late filling phases |28, 50]. As described above, direct flow allows a significant amount
of the inflow’s kinetic energy to be transferred to the ejection volume. To what ex-
tent preserving energy throughout the cardiac cycle provides a functional benefit in
the normal heart is a matter of debate [42, 59, 70, 78|. However, any mechanism
of increased performance may be relevant in the failing ventricle which has almost
exhausted its contractile reserve.

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 [6, 35], forcing the blood entering the LV to follow an arched path
along the inferolateral 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
LV 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
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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 [61]. Finally, the impact of different
transport patterns on intraventricular flow mixing and prevention of blood stasis
needs to be addressed [65].

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 4.4). From a clinical
perspective, this method opens the possibility of using flow imaging techniques to
optimize CRT. However, large-scale trials will be necessary to clarify the future role
of intracardiac fluid dynamics in medical diagnosis, clinical decision-making, and
physiologic programming of cardiac devices. In addition, these emerging methods
will likely provide new fundamental insight on cardiac biomechanics. 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.

4.5 Limitations

We used a 2D flow imaging method even though intraventricular blood trans-
port is a 3D process. This planar flow simplification may lead to some degree of
inaccuracy in the estimation of transport. However, our echocardiographic 2D ap-
proach has important practical advantages, as it provides high temporal and spa-
tial resolutions, is fast, clinically feasible, and does not require infusion of contrast
agents. Moreover, the proposed transport analysis methodology relies on clinical ac-
cess to time-resolved LV velocity fields, but it is independent of the particular imaging
modality employed to measure intraventricular velocity. Applying a similar analysis
to flow velocity maps from time-resolved 3D phase-contrast MR has shown that the

key features of intraventricular blood transport and mixing are well represented in
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the long-axis three-chamber plane imaged by 2D echo-CDV [74]. Thus, although the
exact transport numerical values may vary when they are calculated in 3D, we are
confident that our 2D analysis was able to accurately capture relative changes induced
by CRT on intraventricular flow transport. Larger clinical studies shall establish the
final clinical of this novel methodology technique in the modern armamentarium of

cardiovascular imaging.

4.6 Conclusions

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

blood transport.
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Chapter 5

Conclusions and future direction

5.1 Summary of the dissertation

In this dissertation we have presented a new method to quantify and assess
blood stagnation in the left ventricle. The method is based on intraventricular ve-
locity flow maps which can be obtained completely non-invasively using standard
ultrasound acquisition or 4D Flow cardiac magnetic resonance imaging. The focus of
this research has been on the ultrasound modality because of how easily such images
can be obtained and because it best fits within the current cardiology clinical work
flow.

From a clinical perspective, this work introduces the new paradigm that a
quantitative flow dynamics analysis can provide the basis to obtain sub-clinical mark-
ers of intraventricular thrombosis risk. In summary, the main idea is to measure the
blood stasis through residence time inside a patient’s left ventricle to predict an in-
creased intraventricular thrombosis risk.

The residence time (Tg) spent by blood particles inside the LV since enter-
ing the chamber is obtained by solving the advection equation with unit forcing for
a passive scalar from time-resolved blood velocity fields. Such equation can be ob-
tained both from a Lagrangian view for each blood particle or more rigorously from
statistical mechanics as shown in Chapter 2. A residence time threshold can be used
to automatically segment and label residual blood volumes that do not mix with the

fresh blood entering the LV each cardiac cycle, and which are potentially stagnant.

7
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When compared to Lagrangian particle tracking, this approach has the advantage to
be fully automatic, operator independent and very efficient computationally.

We initially tested the new method in normal hearts, dilated cardiomyopathy
and a patient before and after the implantation of a left ventricular assist device
(LVAD) to show feasibility of the idea. We were able to also test the method using
3D PC-MRI and the results suggested that the 2D long axis view is able to capture the
main features of LV blood transport. We also developed original metrics to combine
complex flow properties such as blood kinetic energy and shear stress into simple
scalars suitable for a robust and personalized assessment of the risk of thrombosis.

To test the validity of the method and the hypotheses in a relevant clinical
scenario we chose patients with acute myocardial infarction (AMI). In this patient
population (after an anterior-AMI) the incidence of LV thrombosis can be as high
as 15-20% and the risk of cardiac embolism clearly exceeds that of the general pop-
ulation. The sequential study of LV blood stasis after AMI allowed for addressing
the time-evolving interactions among regional myocardial function, intraventricular
stasis and mural thrombosis. Assessing the risk of LV thrombosis is of particular
value in patients with an anterior-AMI because prophylactic anti-coagulation has to
be balanced against the bleeding risk of triple antithrombotic regimens.

Using our residence time approach, we characterized the blood stasis abnor-
malities induced by AMI: our data shows that larger and more persistent regions of
stagnant blood, particularly those with a large endocardial contact perimeters, are
associated with mural thrombosis. Upon the recovery of myocardial function, changes
in intraventricular flow and stasis appear and the results of our determinant analyses
emphasize the complexity of the flow features that govern thrombosis. This complex
interaction between myocardial function, blood stasis and mural thrombosis may ex-
plain why conventional echocardiographic indices of LV function are limited to guide
preventive anticoagulation.

Finally in Chapter 4, we modified our residence time method to compute
the different blood transport regions. This compartmentalization of blood volumes
(or surfaces in 2D) is relatively common in the literature and allowed us to show
how cardiac resynchronization therapy has direct influence in the LV blood transport

phenomenon.
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In this case, patients who are considered non responders to CRT might benefit
from a blood transport analysis as we have showed that the spatio-temporal evolution
of the intraventricular blood flow in CRT patients can be highly sensitive to the device
programming (heart rate and AV delay). For the optimal AV-delay, the incoming
blood was distributed forming a pattern consistent with a more symmetric starting jet
- vortex ring structure. CRT also improved the efficient redirection of left ventricular
blood inflow towards the outflow tract by increasing the amount of direct flow, its
kinetic energy and aligning the motion of the ejected blood with the left ventricular

outflow tract.

5.2 Recommendations for future work

The idea of blood stasis derived from blood residence time can be applied to
different population of patients, with different imaging modalities and also to different

heart chambers.

5.2.1 Left Ventricular Assist Device

One of the most straightforward application is in patients implanted with
left ventricular assist device (LVAD). LVAD is a life-saving therapy for patients with
advanced heart failure (HF). In the last decade the use of LVADs has increased signifi-
cantly and the treatment is now widely used both as a bridge to heart transplantation
or as a destination therapy. Despite a greatly improved survival the largest obstacle
to the use of LVADs are the complications, particularly the ones related to thrombosis
and bleeding.

As shown in Chapter 2, LVAD implantation drastically disrupts the normal
physiological blood flow patterns in the heart. However, assessment of intraventricular
flow patterns during LVAD treatment has been limited. A residence time based
analysis would be useful to systematically describe qualitatively and quantitatively
the modified intraventricular flow patterns. It would be of particular interest to study
blood transport and stasis as a function of different device speeds during a ramp test,

so that an optimal pump speed can be chosen for each patient.
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5.2.2 Residence Time in the Left Atrium

Blood stasis is believed to be one of the main risk factors for intracardiac
thrombosis not only in the left ventricle but also in the other heart chamber suche as
the left atrium (LA). Atrial fibrillation (AF) is the most common form of arrhythmia
that affects approximately 35 million people worldwide and is particularly common
in elderly patients. Compared to the general population, patients with AF have five
times the risk of stroke, which can cause major morbidity and death.

Anticoagulants may be administered to selected patients but this treatment
carries major associated risks such as internal hemorrhaging. Currently, the decision
whether to anti-coagulate patients with AF is based on general population factors
(age, sex, blood pressure, etc.), which have moderate accuracy and modest predictive
power.

Thromboembolic events have been tightly linked to blood stasis (especially in
the left-atrial appendage), which could be identified by regions of high blood residence
time. This premise is supported by recent literature |8, 16| showing that both the
sphericity of the left atrial (LA) chamber and the shape of the left atrial appendage
(LAA) correlate with stroke risk, which implies that flow features dictated by LA
anatomy are an important factor contributing to left atrial thrombogenesis.

A patient-specific thrombosis risk scores derived from the analysis of blood
flow and transport in the left atrium of individual patients could be an ideal metric
to improve patient selection for anticoagulation treatments. Blood flow in the left
atrium is more three dimensional than in the left ventricle and each patient’s anatomy
could be obtained from medical imaging to calculate the residence time of blood in
the left atrium via computational fluid dynamics (CFD) direct numerical simulations
(DNS).

A high-fidelity database resulting from DNS performed on several 3D patient-
specific anatomies could be then used to develop and validate surrogate atrial throm-
bosis risk indices like geometric parameters of left atrial shape, their temporal changes
along the cardiac cycle, or simplified indices of blood stasis inside the left atrial ap-
pendage based on Doppler echocardiography.

In contrast to computationally intensive CFD simulations, these surrogate
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indices of the left atrial blood stasis are computationally uninvolved and could be

evaluated in real time in the clinical setting.
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