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Figure 1. Vorticity magnitude for the left- and right-heart blood flow. From left to right and top to bottom: beginning systole,
mid-systole, late systole, beginning diastole (showing pulmonary valve regurgitation), early diastole, mid-diastole, diastasis and
late mitral filling. The colour maps vary between black and yellow, passing through red for the left side, and through blue for the

right side. The corresponding opacity maps have constant ramp.

approach on multiple four-dimensional CT datasets.
We conclude the paper in §6, by revisiting the main
ideas and identifying directions for future work.

2. COMPREHENSIVE HEART MODEL

The proposed comprehensive heart model includes the
four cardiac chambers, valves, great vessels and cap-
tures anatomical, dynamical and pathological
variations. To facilitate effective estimation of patient-
specific parameters, the inherent complexity of the com-
plete heart model is represented on two abstraction
levels: landmark model and surface model. The land-
mark model represents the key location of critical
anatomical locations as well as their synchronous non-
linear motion during the cardiac cycle. Each landmark
L, is parameterized as a T time-step trajectory in the
three-dimensional Euclidean space: L, = {l, b, ..., I},
n€1l... 43,1 € R®.

In order to capture the key anatomical and dynami-
cal variations, we include the 43 landmarks, defined as
follows: left ventricle apex, right ventricle apex, four
landmarks for approximate location of the pulmonary
veins, two landmarks for the venae cavae, two for the
coronary ostia, seven landmarks for the mitral valve
annulus and leaflets, 11 landmarks for the aortic root
and leaflets, nine landmarks for the pulmonary valve
and six for the tricuspid valve.

The surface model is constrained by the previously
defined landmarks, and those together build the proposed
comprehensive model. Each anatomical structure is
represented separately by a surface mesh spanned along
two physiological directions: M,(L) = {v{, v, ..., vk},
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g€ 1,...,18, v; ER? where v; are the vertices, and
K7 is the total number of vertices of a certain
surface mesh ¢. A rectangular grid with n x m vertices
is represented by (n—1)x (m—1) x 2 triangular
faces. The complete model of the heart includes the fol-
lowing surfaces: left ventricle endocardium and
epicardium, right ventricle endocardium, left atrium
with corresponding pulmonary veins, right atrium with
attached vena cava and the aortic, mitral, tricuspid
and pulmonary valves.

To enable the construction of statistical shape
models, point correspondence is maintained between
models from different cardiac phases and across
patients. The consistent representation is achieved
through a set of physiologically defined sampling
schemes, parametrized by the anatomical landmarks.
For instance, for the aortic root, a pseudo-parallel
slice method is used, which equally distributes a
sequence of cutting planes along the corresponding cen-
treline (figure 2). To account for the bending of the
aortic root between the commissures and hinge levels,
specific to root dilation pathologies, at each location,
the cutting-plane normal is aligned with the centreline
tangent. The resulting two-dimensional contours can
be uniformly resampled to establish the desired point
correspondence.

3. CARDIAC ANATOMICAL AND
DYNAMICAL COMPUTATION

The patient-specific parameters of the model are hier-
archically estimated from four-dimensional cardiac CT
images by employing a robust learning-based
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Figure 2. (a) Example of a two-dimensional contour and corresponding uniform samples, obtained from the intersection of a
plane with the three-dimensional aortic root. Resampling planes for (¢,d) the mitral leaflets and (b) aortic root. The planes at
the hinge and commissure levels of the aortic root in (b) are depicted in red and green, respectively. Note that for the purpose
of clarity only a subset of resampling planes is visualized in figure (b—d).

framework [10,11]. The a posteriori probability p(L,
M]I) of the models L, M given the image data Iis incre-
mentally detected within the marginal space learning
(MSL) [11] framework. Detectors are successively
trained using the probabilistic boosting tree (PBT)
[12], with Haar and steerable features, and subsequently
applied to estimate the anatomical landmarks and
structures from cardiac CT volumes.

Given a sequence [ of T volumes, the task is to find
the model parameters L, M with maximum posterior
probability: argmax; yp(L, M|I) = argmaxy, yp(L, ...,
Ly, My, ..., MiglI(0),..., I(t)). To solve the equation,
we formulate the model estimation problem as a classifi-
cation problem, for which a learned detector D models
the probability p(L, M|I), and scans exhaustively all par-
ameter hypotheses to find the most plausible values for L
and M. However, a direct estimation is computationally
unfeasible, as the number of hypotheses H to be tested
increases exponentially with the dimensionality of the
model parameters. Assuming a simple model with only
10 parameters, each discretized to 10 values, the total
numbers of hypotheses H is 10'°. To overcome this limit-
ation, the MSL framework breaks the original parameter
space 2 into subsets of marginal space with increased
dimensionality X, C3,C...C2X,=23, where dim
(%)) < dim (2) and dim (2;) — dim (Z;—) is small. A
search in ¥, with a detector D, learned in this marginal
space, finds a subspace C; C 3, which contains only the
most probable parameter values, and discards the rest of
the space, such that |Ci| < |H,|. Another stage of train-
ing and testing is performed in the extended space C,; =
C, x H, C 35, to obtain a restricted marginal space C,
C 3. The procedure ends when the final dimensionality
of % is reached. Instead of using a single detector D, we
train detectors for each marginal space and estimate
the model parameters by gradually increasing dimen-
sionality. After each detection stage, only a limited
number of highly-probable candidate hypotheses is
maintained and considered as input for the following
stage. The comprehensive model of the heart (containing
the four chambers and the valves) thus obtained is illus-
trated in figure 3. For more details please refer to Ionasec
et al. [13].

The performance of the model estimation approach
was evaluated on a total of 1013 cardiac CT volumes
from 206 patients affected by various cardiovascular
diseases. The ground truth for training and testing
was obtained through a manual annotation process,
which was guided by clinical experts. The model esti-
mation accuracy of the complete heart was measured
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left ventricle

Figure 3. Comprehensive model of the heart illustrating the
four chambers and valves.

using the point-to-mesh distance to compare the
ground truth and automatically detected models. An
average accuracy of 1.36 + 0.93 mm was obtained for
the valves [13] and 1.13 + 1.57 mm for the chambers
[11], at a computation time of 8.8s per each
volume. It is important to note the robustness of
the wvalve estimation method, with a median of
1.30 mm and 80-percentile of 1.53 mm. Moreover,
the precision of the patient-specific valve model esti-
mation lies within 90 per cent of the inter-user
confidence interval.

4. CARDIAC HAEMODYNAMICS
COMPUTATIONS

4.1. Blood as a fluid continuum

The haemodynamics computations presented here use a
classical continuum model for the blood, and are per-
formed using the framework presented in Mihalef et al.
[9,14]. The incompressible Navier—Stokes equations with
viscous terms (4.1), which are the standard continuum
mechanics model for fluid flow, are solved using
direct numerical simulation in a level set formulation [15]:

0
p<a—?+u-Vu) =—-Vp+ pAu+ F

(4.1)

and V-u=0
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Navier—Stokes are partial differential equations describ-
ing the momentum and mass conservation for fluid flow,
depending on the velocity « and pressure p of the fluid, as
well as on the fluid density p and dynamic viscosity w.
The blood density and dynamic viscosity are set to generic
mean values across healthy individuals, namely p=
1.05 gcm ® and w= 4 m Pa - s. The equations are solved
here using numerical discretization on a uniform grid,
employing both finite difference and finite-volume tech-
niques. In particular, we use the fractional step combined
with an approximate projection method for the pressure
proposed by Bell et al. [16].

We model the blood as a Newtonian liquid. Previous
numerical studies (e.g. [17]) have found that, in larger
arteries, the non-Newtonian behaviour is not important
during most of the cardiac cycle. The non-Newtonian
importance factor (defined as the ratio of the non-
Newtonian and the Newtonian viscosity of blood)
becomes significant during a 15-20% subperiod of the
cardiac cycle, achieving a peak during a speed deceleration
period when velocity is close to zero. Blood dynamics in
the heart is mostly governed by high velocities—or,
rather, high shear rates. This, combined with the fact
that blood’s rheology is close to that of a Bingham plastic
liquid (a material that behaves as a rigid body at low stres-
ses but flows as a viscous fluid at high stress), supports the
qualitative conclusion that during the heart cycle, blood’s
dynamics is predominantly Newtonian. The probable
exceptions are: time-wise the diastasis, and space-wise
the apical and the jet stagnation regions. A quantitative
analysis of such phenomena would be best performed
using enhanced models of the ventricle, including at the
least the papillary muscles, and is beyond the scope of
this paper.

4.2. Computational fluid dynamaics in the level
set framework

Computing fluid dynamics in moving generic geome-
tries and/or involving multi-phase flow constitutes a
challenge, especially when it comes to devising compu-
tational methods that are simple and robust, as well as
accurate. The level set methods [18] have achieved suc-
cess in the recent years in dealing with such complex
computations, being able to capture the intricate
dynamics of interfaces between different materials (for
example, water and air, or a complex deforming object
and a liquid). The Navier—Stokes equations are cast
into a form that takes into account such a description,
for example, for two fluids with different density and
viscosity, we get:

ou

() (G 1 V) ==V ()80t .

V-u=0,
p($) =p' (D) H(¢) +p*(d)(1 - H()),
w($) = u'(¢)H(d) + 1’ (d)(1 — H(¢))

1,6>0
H(¢>={02<0.

and

(4.2)
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In equation (4.2), H is the Heaviside function, used to
create a numerically sharp distinction between the
first fluid, characterized by positive values of the level
set ¢, and the second fluid characterized by negative
ones. The level set formulation, especially when
implemented using advanced methods like the ghost
fluid method [19], has several advantages over classical
formulation, for example, ease of computations of free
surface flow and deforming materials interacting with
fluids, simple implementations for tensor extrapolation
technologies, and also simple formulae for various geo-
metric parameters, like normal fields (7= Ve/|Vl|)
or mean curvature fields (for example, k= V¢ for
level set functions of unit gradient).

4.3. Level-set modelling of the heart

Another important advantage of describing the heart
dynamics in the level-set framework is the possibility
of automatically dealing with moving/ heavily deforming
walls without the need to generate a new computational
grid at every several time steps, when the previous grid
becomes too skewed to handle robustly the numerical
computations, as is the case in finite-element methods
(FEM). This also allows for automatic integration of
patient-specific cardiac meshes into the blood flow
simulation engine, and offers a framework for clinical
usage of cardiac models for obtaining patient-specific
haemodynamics.

In this work, we model the heart walls/blood inter-
face using a level set. More precisely, we start from
the heart mesh sequence (comprising 10 frames),
obtained as described in §§2 and 3, and interpolated
using splines to derive the mesh at the given simulation
time. This mesh is embedded in the computational
domain with the help of the level-set function ¢, defined
as ¢(x) = dist(x, mesh) — dz, where dz is the grid spa-
cing. The heart/blood interface as used in the code is
defined as the zero level of the level-set function, effec-
tively ‘thickening’ the original triangle mesh by dz on
each side (figure 4).

The interface location is used to impose no-slip
boundary conditions to the fluid region (see next sec-
tion). The mesh velocity at each time step is easily
computed by temporal interpolation from the mesh pos-
itions at adjacent time steps, then extrapolated to the
interfacial nodes using extrapolation kernels. Note
that imposing the boundary conditions in this manner
effectively enforces one-way transfer of momentum
from the solid heart mesh to the fluid. This approach
essentially models the heart as a pump pushing against
the domain walls, which can approximate the resistance
of the circulatory system.

4.4. Algorithmic and numerical details

This section describes in more detail the numerical sol-
ution of the Navier—Stokes equations (4.2). We solve all
stages of the cardiac cycle, including the isovolumic
phases (IP). Note that recently Sengupta et al. [20]
used high-resolution Doppler to reveal that the IP are
not periods of stasis but rather phases with dynamic
changes in the intracavitary flow.
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Figure 4. Embedding of the heart model as a level set in a
rectangular domain. We show the transparent zero level corre-
sponding to the thickened heart walls and a cross-section
colour-coded based on the level-set value (white corresponds
to zero, red to positive and blue to negative).

Our algorithm starts at a given time step n from the
level set, velocity and pressure information at the pre-
vious time step ¢" ', «" !, p" !, and computes ",
u", p" following a fractional step projection method:

— convective updates for ¢ and u;

— semi-implicit update for u to take into account the
viscous force contribution;

— pressure update by solving the Poisson equation
with Neumann boundary conditions; and

— mnew velocity update.

In step 1, we update first the level-set values, as
described in §4.3, by using the mesh location at the
given time step. In an intermediate geometric step, we
compute the connected components defined by the
new level set. This is used subsequently for robust con-
nected component-by-component inversion of the
implicit viscous and pressure Poisson linear systems.
Then the convective force terms are computed using
third-order accurate essentially non-oscillatory (ENO)
techniques [21]. In the second step, the velocity is
updated to u* by using the second-order semi-implicit
splitting proposed by Li et al. [22], and by inverting
the system using an efficient multi-grid preconditioned
conjugate gradient solver. The same routine is used in
step 3 to solve the pressure Poisson equation in each
of the connected components of the discretization
domain. Before the system inversion, we overwrite the
velocity in the solid regions using the solid velocity. In
step 4, we update the density using the new level set
and compute the velocity update v" = v* — Vp"/p" in
the liquid, or «" = "' in the solid.

The interface location is used to impose no-slip
boundary conditions to the fluid region in, namely
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Uguid = Usoliq for the convective and the viscous com-
ponent of the Navier—Stokes momentum equation,
and dp/dn= (u* — usypq) 7 for the pressure Poisson
equation (here 7 is the normal vector field, computed
from the level set as described in §4.2). The global accu-
racy of the method is second-order in the interior of the
domain, and this drops to first order at the boundaries.
For further details concerning the formulation and the
solution of this approach, please refer to Mihalef et al.
[14,23], and Sussman [24].

4.4.1. More about boundary conditions. The human
heart functions as a part of the cardiac system, thus
being influenced by the loading pressures from the
venous and arterial system. Our simulation framework
solves the Navier—Stokes equations with prescribed
(wall) boundary motion, thus ensuring that we do not
need to compute the pressure field but rather its gradi-
ent, as the pressure is a relative rather than absolute
variable. In other words, the first Navier—Stokes
equation in equation (4.2) (momentum conservation)
is invariant to gauge shifts of the pressure, as long as
its gradient does not change. Mathematically, the
pressure Poisson equation with Neumann boundary
condition has a one-parameter family of solutions,
which can be fixed once a Dirichlet boundary condition
is introduced. Therefore, when solving the pressure
Poisson equation, we fix the solution by choosing a
base pressure (equal to zero) at a point outside the
aorta, and this acts in a similar way with imposing
p =0 at the aortic outflow surface.

As a note, we can choose any value for the base
pressure, for example, using the values from a generic
physiological curve, and this does not influence the
haemodynamics in the prescribed motion framework
presented here. This would however influence the
dynamics if one would solve FSI problems, where
deformable tissues would respond to pressure bound-
ary value changes, or in the case of regurgitations.
For such cases, the coupling of our model with a
one-dimensional systemic vascular model would be
necessary, and we are working towards such
integration.

5. RESULTS

Using the framework described in §4, we performed a
series of blood flow simulations using the patient-
specific heart model. By measuring geometrically the
stroke volume in the left and right ventricle we obtained
values that agreed within a maximum difference of
5 per cent. The left and right sides were not connected
through the systemic circulation, owing to the lack of
geometric and material data for a full vessel tree. As a
consequence, we performed the simulations separately
for each of the sides of the heart, which is computation-
ally more efficient, and also is not influenced by the
slightly different stroke volumes in the left and right
sides.

Snapshots of our simulation results are visualized in
figure 1. The vorticity images convey information about
the formation and dynamics of the vortices in the flow,



