1duosnuey Joyiny Vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny d-HIN

5,

R eSS

NIH Public Access

Author Manuscript

Published in final edited form as:
Eur J Mech B Fluids. 2012 ; 35: 20-24. doi:10.1016/j.euromechflu.2012.01.013.

On the three-dimensional vortical structure of early diastolic
flow in a patient-specific left ventricle

Trung Bao Le? and Fotis Sotiropoulos?”
Trung Bao Le: lebao002@umn.edu; Fotis Sotiropoulos: fotis@umn.edu

aSt. Anthony Falls Laboratory, Department of Civil Engineering, University of Minnesota,
Minneapolis, MN, USA

Abstract

We study the formation of the mitral vortex ring during early diastolic filling in a patient-specific
left ventricle using direct numerical simulation. The geometry of the left ventricle is reconstructed
from Magnetic Resonance Imaging (MRI). The heart wall motion is modeled by a cell-based
activation methodology, which yields physiologic kinematics with heart rate equal to 52 beats per
minute. We show that the structure of the mitral vortex ring consists of the main vortex ring and
trailing vortex tubes, which originate at the heart wall. The trailing vortex tubes play an important
role in exciting twisting circumferential instability modes of the mitral vortex ring. At the end of
diastole, the vortex ring impinges on the wall and the intraventricular flow transitions to a weak
turbulent state. Our results can be used to help interprete and analyze three-dimensional in—vivo
flow measurements obtained with MRI.
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1. Introduction

Diastolic dysfunction [1] is an important contributor to heart disease and has been studied
extensively in the past. Recent advancements in non-invasive technologies have enabled the
use of imaging modalities for diagnosing left heart dysfunction [2, 3] but a major research
challenge is to utilize such images to develop strategies for reliable diagnosis of heart
disease [4, 5, 6]. Critical prerequisite for achieving this objective is to establish quantitative
links between intraventricular flow patterns and cardiac disease [4, 7, 8, 6].

The diastolic flow has been shown to be dominated by the evolution of the mitral vortex ring
(MVR) [9, 4] during early diastolic filling. It is now well understood that upon its formation
the MVR evolves into a large asymmetrical vortical structure at the end of diastole, which
occupies almost the entire left ventricular (L'V) chamber [10, 11]. Various characteristics of
the MVR have been shown to be linked with different types of cardiac diseases [4, 12, 7]
and its formation, propagation speed, trajectory and impingement on the heart wall have all
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been identified as clinically important phenomena [4, 13, 14]. Therefore, understanding the
three-dimensional structure of the MVR is essential for analyzing and interpreting the flow
patterns observed in—vivo.

In most previous studies [4, 8, 15, 7], the MVR is assumed to be of an axisymmetric circular
vortex ring. Recent in—vivo measurement [3], however, have shown that the MVR deviates
considerably from an axisymmetric ring and is characterized by continuous variation of its
core size along its circumference. Furthremore, numerical simulations [11, 14] have shown
that the ring deforms and impinges on the posterior wall before it breaks down into small
scale structures. Our recent work [16] on vortex ring formation in impulsively-driven flows
through inclined nozzles has shown that the vortex ring forming in such cases exhibits
similar circumferential core size variation as the MVR but also evolves to become
topologically complex with secondary vortex tubes emerging and interacting with the
primary vortical structure. Computational studies in idealized LV chambers [17, 18] have
also indicated that the MVR has a complex three-dimensional structure with the presence of
secondary trailing vortex tubes. The main vortex ring has asymmetrical structure and its
propagation speed varies continuously along its circumference [17].

In this work, we investigate the formation and evolution of the mitral vortex ring during
early diastolic filling. We carry out high-resolution direct numerical simulation to simulate
the diastolic phase of blood flow in an anatomic LV chamber at physiologic conditions with
the wall motion simulated via a lumped electrophysiologic model. We clarify the three-
dimensional structure of the MVR and discuss the potential clinical implications of our
findings.

2. Material and methods

The left heart geometry

We reconstruct the anatomic left heart geometry from MRI data of a healthy subject. The
data was provided to us by the Georgia Institute of Technology Cardiovascular Fluid
Mechanics Laboratory. The aortic and mitral valve, coronary and carotid arteries as well as
one part of the left atrium are removed from the original anatomy. The final geometry is
shown in Fig. 1.

With reference to Fig. 1, the values for the various geometrical parameters of our LV model
are as follows: the LV long and short axes lengths are L = 80 mm and Dy =47 mm,
respectively; the mitral annulus diameter is Dy;= 37 mm; and the mitral valve is assumed to
open throughout diastole with mitral orifice diameter of D =29 mm as shown in Fig. 1.

The LV kinematics model

To model the LV kinematics we use the cell-based electric excitation metholodology. The
approach follows lumped-type parameter models [19, 20, 21, 22], which, nevertheless, is
able to reproduce the physiological features of the LV kinematics. The model is based on the
following assumptions: 1) Only the LV moves. The atrium and the L'V base remain
stationary in the cardiac cycle; 2) Only the endocardium is modeled as the wall surface. The
endocardium surface is discretized with an unstructured grid with material nodes as shown
in Fig. 2. Each material node is assumed to represent one endocardium cell; and 3) The
response of the endocardium cell to the cardiac electrical stimulation is assumed to be a
function of a time-dependent potential p(2).
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Let ,-T-_f,-:E}(z] be the instantaneous position vector of the /# endocardium cell. In cylindrical

coordinate system x;=x;(r, &, z) in Fig. 1, x can be decomposed into its components
expressed:

—

dx . g
?j(r)zd—rjzv}{r) i r+‘L’?(I) Latviln) i g 1

a . . . . .
where 1-';, v, and \’_Z, are the radial, tangential and axial velocity components, respectively.

The vector T:TH’, and j, are the radial, tangential and axial unit vector, respectively. We

model the instantaneous velocity magnitude v ;= [v(#)| a function of the potential pLD as
follows.

The velocity magnitude is decomposed as the product of a time-dependent wave propagation
part Q [23] and a spatial distribution part &:

vi(0=Q(x}, DS 6))

We assume that S(x7}, t) is a function of the radial (rj) and longitudinal (Zj) coordinates [19]:

2 2 7 15
-S(E})=(D—f) (f.) 3)

The wave propagation part Q(x}, ) is modelled as the product of a local, time-dependent part
E{(9) and a wave-propagation part § (T’f 1)

Q(x}, )=E {(1)S (3, 1) “
Ejis assumed to be a function of the time-dependent potential P i.e. Ej(t) = E[pj(t)]. The

specific functional form of Ejis prescribed as the equilibrium solution of the dimensionless
form of the FitzZHugh-Nagumo system of equations, as follows [23, 24, 25]:

Ejin=cipi) [ pi(1) — col [ (1) = L+c2 [ pj(6) — L[ 1 — exp(—c3p ()] ®)

with p(#) and the model constants ¢y, ¢|, ¢; and ¢z prescribed as part of the calibration of the
model (see below).

To account for the spatial propagation of the mechanical response wave front [26, 27], the S
term in Eq. 4 is modeled as a sine wave function [20, 26] with scaling frequency factor £
and phase lag ¢, as follows:

t 2
S(I:‘ I):KSin(zﬁfs? - T;+¢‘J ©)

where xis the parameter of the model while 7'is the heart beat cycle.

Egs. 3, 4, 5, and 6 above complete the model for the instantaneous velocity magnitude vj(t)
of each endocardium cell. The final step before the three-dimensional LV wall configuration
can be updated in time by integrating Eq. 1 is to define the three components of the velocity
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vector. To do so, we distribute the known velocity magnitude v;along the three cylindrical
coordinate directions as follows:

v;.(r):m‘ (1)
ViD=pv, (1) @
Viny=yv (1)

where a,Band y are parameters of the model satisfying a® + f* + »* = 1. The relative
nagnitude of these three parameters is specified using input from MRI data [28] to mimic the
observed in vivo relative ratios of the three velocity components of the LV wall.

We calibrate the model parameters (i.e ¢, c;, ¢ etc.) and the functional form for p(?) to
ensure that the resulting temporal variation of the LV volume V= W), dV/dt, agrees with
reported values in the literature [29, 30].

The numerical method and computational details

Blood is simulated as an incompressible, Newtonian fluid with dynamic viscosity of v=
3.35 x 107917/ and thus its motion is governed by the unsteady, three-dimensional Navier-
Stokes equations. The moving LV surface is discretized with an unstructured grid (see Fig.
2) and is immersed in a background, stationary, curvilinear grid of size 201x201x193 (see
Fig. 2). The LV surface is treated as a sharp interface using the Curvilinear Immersed
Boundary (CURVIB) method [31, 32]. The governing equations are discretized via second-
order accurate finite-difference formulas and integrated in time using an efficient, second-
order accaurate fractional-step method [31, 32]. The cardiac cycle in our simulation is 7=
1.15s, corresponding to a physiologic heart rate of 52 beats per minute, and the
computational timestep is set to be Af=0.426 ms.

The mitral inflow waveform used in the simulation, which is indicative of the LV wall
kinematics obtained from our model, is shown in Figure 3. This waveform is used to specify
the time-dependent blood flow flux from the left atrium to the LV chamber as boundary
condition at the mitral orifice Q,;, = Q,(9). We assume uniform flow distribution at the
mitral orifice, which is broadly similar to the natural conditions during diastole [33, 34].
Since the simulations reported herein are carried out only during diastole, the aortic valve is
kept fully closed by setting the flow rate through the aorta equal to zero at all times. Finally,
the time-dependent LV wall motion is prescribed as input to the simulation from the
previously described cell-activation model and is used to drive the LV blood flow through
the no-slip and no-flux boundary conditions that are imposed for the velocity field at the LV
wall.

3. Results and discussions

The calculated LV wall kinematics that emerge from the cell-activation model described
above is well within the physiologic range as indicated by several global cardiac parameters
shown in Table 2. The corresponding diastolic volume flow rate curve is shown in Fig. 3.
Note that the flow rate has two distinct positive peaks, which correspond to the E-wave and
A-wave peaks, respectively. The E-wave peak is the instant in time when the flow rapidly
fills the LV chamber from the left atrium as the mitral valves opens. The A-wave peak
results from the active pumping of atrium to the left ventricle [1].

During the diastolic phase the intraventricular flow is dominated by the filling of blood flow
from the left atrium into the left ventricular chamber. At initial phase of the E-wave filling,
we observe the existence of a large well-defined vortex ring formed at the edge of the mitral
orifice as seen in Fig. 4a. Since the mitral orifice has a circular shape, the mitral vortex ring
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has the initial donut-shape vorticity distribution around the main’s ring circumference. After
the E-wave, this vortex ring is fully formed and propagates toward the LV apex.

The calculated three-dimensional structure of the diastolic vortical structures are visualized
in Fig. 4 in terms of an instantaneous iso-surface of the vorticity magnitude. As seen in Fig.
4a, the MVR has a variable core diameter and begins to interact with the basal geometry
shortly after it forms. This interaction causes vorticity to be extracted from the wall and
induces the formation of secondary vortex tubes, denoted as trailing vortex tubes, that grow
from the wall and wrap around the primary ring clearly on during diastole as shown in Fig.
4a. Moreover, the ring starts to become inclined and propagates toward the posterior wall.
As shown in Figures 4b and b, the second phase of the MVR evolution is characterized by
the stretching and elongation of the secondary vortex tubes, which, while remaining attached
to the wall, are seen to wrap around the core of the MVR giving rise to the growth of
twisting instabilities along the ring core. As the MVR advances toward the apex, both the
twisting of the secondary vortex tubes around the MVR core as well as the twisting of the
MVR core itself intensify as seen in Fig. 4c only. At the end of diastole and as seen in Fig.
4d, the MVR impinges on the LV wall and begins to break down into small-scale structures
while the trailing secondary vortex tubes remain coherent. The same figure also shows the
formation of the A-wave vortex ring just downstream of the mitral orifice.

Overall Fig. 4 underscores the highly three-dimensional structure of the MVR. It is worth
noting, however, that the emerging rich topology of the vortical structure is, as one would
anticipate, not immediately apparent when plotting two-dimensional velocity vectors on a
plane through the center of the LV chamber as shown in Fig. 5. Such two dimensional plots
reveal flow patterns that are quite similar to those observed in recent in vivo measurements
with MRI [10, 2, 3]. They clearly illustrate the asymmetry of the MVR and the growth of a
large clock-wise rotating vortex occupying almost the entire LV chamber but naturally
cannot provide any insights into the three-dimensional complexity of the flow.

The topology of the MVR we observe in our simulations with the secondary vortex tubes
wrapping around its core has also been observed in previous numerical simulations using
idealized LV models [17]. In such models, the secondary vortex tubes extend upstream of
the mitral orifice and are orthogonal to the main LV axis. Our results are consistent with the
previous idealized study [17] and clearly show that the existence of the secondary vortex
tubes is the direct consequence of the interaction between the MVR and the LV wall. These
secondary tubes do not play a direct role in the MVR’s break up during late diastole, which
occurs when the MVR impinges on the LV wall. Such structures, however, intensify the
topological complexity of the MVR as tend to attenuate the twisting instabilities that grow
around its circumference.

The three-dimensional topology of the MVR as emerges from our simulations shares several
common characteristics with that of a vortex ring emerging as the flow is driven impulsively
through a cylindrical nozzle with an inclined orifice into a stagnamt ambient fluid [16]. We
have recently shown [16] that for such asymmetric nozzle orifice, the vortex ring formation
deviates considerably from that of a perfectly circular ring. The flow is characterized by the
growth of secondary vortex tubes due to wall-vortex and vortex-vortex interaction, the
wrapping of these tubes around the core of the primary ring, and the growth of complex,
twisting instability modes [16]. In the present case the orifice geometry is cylindrical and
symmetric but the surrounding LV chamber is three-dimensional. More specifically, the
flow from the mitral orifice near the aortic side has more space available to grow and entrain
fluid into the MVR as opposed to the flow near the oposite side of the LV. This geometric
asymmetry sets up a situation broadly similar to that observed in inclined nozzles where
entrainment is maximized near the short lip of the nozzle. As shown in [16], the geometry
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induced asymmetry of the vortex ring from an inclined nozzle is ultimately responsible for
the growth of complex secondary structures and twisting instability modes.

The deformation of the MVR documented in our simulations is also consistent with other
recent computational works [11] and 7n- vivo measurement [2, 35]. Our results in Fig. 4a—d
show that the stretching and impingement of the MVR on the posterior wall is the reason for
setting up the clockwise rotating flow observed in—vivo. Our simulations have also shown
that the MVR exhibits twisting instabilities along its core before it impinges on the LV wall.
Its breakdown into a turbulent-like state, as shown in Fig 4d, also agrees well with findings
from idealized models of [17].

4. Conclusions

We study the formation of the MVR in patient-specific anatomy using direct numerical
simulation. Our results reveal a complex, three-dimensional vortical structure consisting of
the main ring and pairs of secondary vortex tubes wrapping around the main ring’s core. The
trailing vortex tubes originate from the heart wall and strtech and twist around the MVR’s
circumference, inducing twisting instabilities to grow and propagate along the ring’s
circumference. The impingement of the MVR of the LV wall and its subsequent breakup
leads to a turbulent-like state at the end of diastole.

In our work the dynamics of the mitral valve is not simulated and thus its effect on the
overall LV flow patterns is not considered. However, in-vivo data [36, 34, 3] suggest that
such effect is rather limited close to the mitral orifice and does not extend far from the mitral
valve tips. Therefore, the conclusions of our work can be useful for understanding the MVR
topology in—vivo and facilitating the interpretation of MRI imaging data.
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Figure 1.
The left heart model reconstructed from MRI images. (r; 6, 2) is the cylindrical coordinate

system defined for the LV with corresponding unit vectors T:?; and TZ) L and Dy are the
lengths of the long and short LV axes, respectively. At the mitral position, uniform pulsatile
flow Q9 is specified as boundary condition as the mitral valve is assumed to be fully open
during diastole. The blood flow is driven by the LV wall motion resulting from the cell-
activation model. The aortic valve is fully close during diastole.
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Figure2.

The moving LV model, discretized with the unstructured grid, immersed in a background
stationary curvilinear mesh as required by the CURVIB method. For clarity, the 3D
background grid is shown only on the symmetry plane of the mitral orifice for every four
grid line.
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The left ventricle volume rate of change v a (also the mitral inflow flux Q,(#) during diastole
resulting from the cell-activation model. There are two distinct positive E-wave and A-wave

peaks separated by the diastasis during diastole.
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Figure 4.
The evolution of the mitral vortex ring. The flow is visualized by the non-dimensional

vorticity magnitude ol 7. Tis the cardiac cycle.
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Figure5.
The evolution of the mitral vortex ring. The flow is visualized by the velocity vectors

superimposed on the contour of non-dimensional vorticity magnitude wo. LV OTis the
acronym of the Left Ventricular Outflow Tract.

Eur J Mech B Fluids. Author manuscript; available in PMC 2013 September 01.



1duosnuel Joyiny Vd-HIN

Le and Sotiropoulos Page 14

Table 1

Calibrated non-dimensional parameters used in the LV kinematic model during diastole: ¢y, c;, ¢, c3 are
variables of the FitzHugh-Nagumo model; T is the cardiac cycle; £ is the scaling frequency factor of the

propagating wave front; xis the scaling factor; a, B, y are the distributing factors of the velocity vector along
radial, tangential and axial directions, respectively (see Equation 7 for definition).

Name Parameter

< 1

q 0.175
o 0.011
c 0.55
£ 0.3
x 0.36
" 0.424
a 0.52
B 0.3
V4 0.8
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Table 2

Global parameters of the LV kinematics calculated from the proposed cell-activation based model.

Parameters
Heart rate 52 bpm
Systolic rate 40 %
End systolic volume 65 ml

End diastolic volume 118 ml
Stroke volume 53 ml
Ejection fraction 45%

Peak E-wave velocity 50 cm/s
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