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Fig. 1. Velocity field visualization of full heart before systole

ABSTRACT

Many cardiovascular diseases, such as ischemia and arrhyth-
mia, will cause abnormal motion of the myocardium, lead-
ing to a change of the blood flow pattern in the heart and
an increased risk of the formation of thrombus. In this pa-
per, we propose a new method to use high-resolution 4D CT
data to model the complex moving boundaries of the heart
walls, accurately simulate blood flow using the Navier-Stokes
equations, and visualize the flow in order to view interactions
between the heart walls and the fluid. We then visually and
quantitatively compare the flow in a normal heart to that of
a heart suffering from hypokinesis, and see how the diseased
heart is at greater risk of blood clotting. In a clinical setting,
these types of visualizations could prove to be invaluable, al-
lowing doctors to more easily diagnose and prescribe treat-
ments for certain conditions.
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1. INTRODUCTION AND RELATED WORK

Currently, valvular blood flow can be monitored using imag-
ing techniques such as Doppler ultrasound and MRI. How-
ever, the spatial resolutions of such techniques are low, and
it is not possible to observe the detailed interaction of the

blood flow and the endo-cardial surface of the heart, so the
formation of cardiac thrombus remains difficult to predict. If
a physician were able to visualize or quantitatively measure
the detailed alteration of the blood flow by altered contrac-
tion, he might be able to make a better diagnosis or treatment
plan. Therefore, in this paper, we seek to find ways to per-
form flow modeling and visualizations, given a 3D model of
a heart.

With the rapid development of high-resolution cardiac
CT, patient-specific blood flow simulation is quickly becom-
ing one of the central goals in the study of cardiac blood flow.
Recently [1] have published a framework for simulating atri-
oventricular blood flow, and showed simulation results using
a complete model of the left side of the heart, including the
atrial venae and an aortic stub, together with modeled valve
kinematics. Later, [2] used smoothed 4D CT data to simulate
left ventricular blood flow, and compared the flow around
through the aortic valve in a healthy heart and two diseased
hearts. Our paper is influenced by these works, and we im-
prove the heart model by using higher-quality CT scans of
normal subjects and live patients with cardiovascular disease
that allow us to capture the complex details of the heart walls
and trabeculae. In contrast, the geometry used in [1] was
obtained from scans based on data from the Visible Human
Project [3], while the kinematics was transfered to the model
from MRI data, and the models derived from CT data in [2]
were highly smoothed and were not useful for understanding
the true interactions between the blood flow and the walls.

Earlier work in blood flow simulation used less refined
models. For example, [4] was the first to extract boundaries
from MRI data to perform patient-specific blood flow sim-
ulations. Later, [5] and [6] used simple models of the left
side of the heart, with smooth ventricular walls, and imposed
boundary conditions in the valve regions. Our approach (sim-
ilarly to the one in [1]) uses predefined motion for the valves,
whose asynchronous opening and closing provides a simple
geometric mechanism for taking care of those boundary con-
ditions. This approach relies on the reasonable assumption
that the left ventricle drives essentially all of the dynamics of
the blood flow in the left side of the heart.



Fig. 2. View of a detailed mesh extracted from CT data using
isosurfacing. Note the complex trabeculae inside the heart.

Our paper is organized as follows: In Section 2, we de-
scribe the high-resolution CT scanner that we use to capture
the 4D data and the methods we use to extract the heart mesh.
In Section 3, we discuss the fluid simulation system we use to
solve the Navier-Stokes equations and very accurately model
the flow through the heart. In Section 4, we demonstrate sev-
eral ways in which we visualize the blood flow and view the
interactions between the fluid and the highly complex surface
of the heart. In Section 5, we describe our results after apply-
ing the visualizations techniques on a blood flow simulation
through a healthy heart, and compare the simulated flows of a
normal heart and one suffering from hypokinesis in the apical
region. Finally, in Section 6, we present our conclusions and
discuss our future work.

2. DATA AQUISITION

The CT images were acquired on a 320-MSCT scanner
(Toshiba Aquilion ONE, Toshiba Medical Systems Corpora-
tion). This advanced diagnostic imaging system is a dynamic
volume CT scanner that captures a whole-heart scan in a
single rotation, and achieves an isotropic 0.5mm volumet-
ric resolution with less motion artifact than the conventional
64-MSCT scanners. A conventional contrast-enhanced CT
angiography protocol was adapted to acquire the CT data
in this work. After the intravenous injection of the contrast
agent, the 3D+time CT data were acquired in a single heart
beat cycle when the contrast agent was circulated to the left
ventricle and aorta, so that we were able to achieve an opti-
mal intensity difference level between the blood pool and the
left ventricular myocardium. After acquisition, 3D images
were reconstructed at 10 time phases in between the R-to-R
waves using ECG gating. The acquired isotropic data had an
in-plane dimension of 512 by 512 pixels, with an effective
atrio-ventricular region measuring about 3003 pixels.

Fig. 3. Vorticity field visualization of full heart. Green re-
gions correspond to higher magnitudes of vorticity and thus
greater rates of rotation. Compare to figure 1, taken at the
same time step.

Fig. 4. Cross-section of heart during late diastole

The left ventricle region was extracted from the dataset
using an initial median filtering, followed by isosurfacing and
mesh cleanup and smoothing. The highly complex surface
was extracted at mid diastole, and its motion was transfered
from the smooth mesh motion obtained from the same CT
data. An example mesh can be seen in figure 2, where we can
clearly see the detailed trabeculae interior to the heart.

3. SIMULATION SYSTEM

The motion of an incompressible fluid is governed by the laws
of conservation of momentum and mass. These two laws are
modeled by the Navier-Stokes equations:

ρ(∂u
∂t + u · ∇u) = −∇P + µ∇2u

∇ · u = 0

The first equation enforces conservation of momentum.
Here, ρ is the fluid density, u is the 3D velocity vector field,
P is the scalar pressure field, and µ is the coefficient of vis-
cosity. The second equation states that the divergence of ve-



Fig. 5. Cross-section view of apical region during systole.
Only fluid velocities directly against the heart walls are dis-
played, in order to more clearly see the complex interactions.

locity is zero everywhere, and thus there are no sources or
sinks anywhere in the flow, conserving mass.

Foster and Metaxas [7] were the first to develop a very fast
method of solving the Navier-Stokes equations for graphics
applications. They did so by applying a staggered grid across
the domain and explicitly solving for the three components
of velocity at the cell faces. They then used successive over-
relaxation to solve for pressure and correct the velocities to
maintain incompressibility.

Our fluid-solid interaction system uses a “boundary im-
mersed in a Cartesian grid formulation”, which allows an easy
treatment of complex geometries embedded in the compu-
tational domain, especially advantageous when dealing with
moving boundaries. Recent work that employs such a for-
mulaton is [8] and [9], which applies the formulation of [10]
to both graphics and medical simulations. Very recently [11]
implemented the approach of [12] to obtain a system that can
efficiently deal with rather complex geometric data like a sys-
tem of blood vessels.

In our solver, we use the methods similar to those de-
scribed in [1]. The 3D mesh we generate from CT data is
represented by a marker level set, introduced and validated
in [13]. Here, markers are placed on the boundary, and are
used to correct the level set at every time step. The marker
level set approach is similar to the particle level set method
([14]), but since markers are only placed only on the surface,
MLS has been proven to be more efficient and significantly
more accurate for complex boundaries. Additionally, our spe-
cific solver achieves efficiency by implementing a parallel and
adaptive mesh refinement approach, similar to the one pro-
posed in [10].

The heart models used here are embedded in a compu-
tational mesh of 1003 cells on which the full Navier-Stokes
equations with a viscous component are solved using fi-
nite difference method. The blood is modeled as a Newto-
nian fluid, with viscosity set at 4mPa· s and density set at
1060kg/m3, which are physiologically accepted values for

a normal patient. The heart geometric model is fed to the
solver as a discrete set of meshes with point correspondences,
which allow easy temporal interpolation and also obtaining
the velocity of the heart mesh at every point in time. The
heart mesh and its velocity are rasterized onto the Eulerian
grid as a marker level set, respectively as an Eulerian velocity
(subsequently extrapolated onto a MAC grid). The marker
level set and the velocity are used to impose the appropriate
boundary conditions to the fluid solver. Treatment of and
issues related to the simulation of the isovolumic stages are
discussed in [1].

3.1. Validation

We qualitatively validated the results of our simulation by the
inspection and visual verification of several doctors. In ad-
dition, as we have mentioned, our simulation methods have
been proven in [13] to be extremely accurate, and numerical
phantoms have been used to validate the software. It is possi-
ble to noninvasively obtain velocity data from MRI data, but
it is prone to error and can only be retrieved in one direction.
In the future, we plan to use phantoms to perform validation
of these results.

4. VISUALIZATION METHODS

As mentioned previously, we adapted the framework de-
scribed in [1] to perform the fluid simulation. With the fluid
velocity fields and level sets generated for each time step, we
use Paraview to visualize the simulations. On a machine with
a Core 2 Quad processor and 8GB of RAM, each of the visu-
alizations typically take 15-30 minutes to render 83 frames.
We analyzed five healthy hearts and we describe below our
visualization methods and our results. The fluid velocities of
the five normal hearts at each time step were within ±10% of
one another. We also visualized flows in a simulated diseased
heart suffering from a large perfusion defect area created by
reducing motion in the anterior apical area, as would be ex-
pected from ischemia or infarction in the distribution of the
left anterior descending coronary artery.

4.1. Full Heart

We first performed a visualization of the velocity field of the
entire heart, as seen in figure 1. The velocity of the blood at
a given point is represented by a cone pointed in the direction
of the flow. A cone’s size increases linearly as the magnitude
of the velocity increases. Additionally, we adjust the color
of a cone by first setting its hue to 160 (blue), and then lin-
early lowering this value to a minimum of 0 (red) as velocity
increases.

We then used finite differencing to compute the flow’s
vorticity at every point in the field. We use the magnitudes to
create a volumetric visualization of vorticity, where brighter



Fig. 6. Left: visualization of flux through the apex of the heart during systole; Right: velocity field directly against trabeculae
during systole

areas are associated with higher vorticites and greater rates of
rotation and circulation.

4.2. Cross-Section

Next, we examined cross-sections of the heart, and visualized
the velocities here. This way, we have a clearer picture of
how each of the structures and trabeculae affect the flow of
blood. We visualized the velocity field in the same way as
above, representing the velocity at each point with a colored
cone. Screenshots of the visualization can be seen in figures
4 and 5.

4.3. Flux

In the previous two sets of visualizations, we have seen how
the complex structure of the walls of the heart affects the flow
of blood. We now introduce two additional methods we use
to visualize the flux across a certain region. To do this, we
simply inserted a plane at the desired location and orienta-
tion, interpolated to sample the velocities across the plane,
and projected the velocities onto the plane’s normal vector.
Two examples can be seen in figure 6.

5. RESULTS AND DISCUSSION

5.1. Visualizations of Healthy Heart

5.1.1. Full Heart

The visualizations of the velocity field and the vorticity field
for the entire heart can be seen in figures 1 and 3, respectively.
The images generated from visualizing the vorticity are visu-
ally stunning. We see in figure 3, the areas with the largest
vorticities are close to the base, near the papillary muscles
and the valves, which suggests that the fluid is spinning more
rapidly here. Note that in figure 1, which is the velocity field
taken at the same time step as that in figure 1, we see a number
of large spirals in the same location.

5.1.2. Cross-Sections

As displayed in figures 4 and 5, the cross-section visualization
allows us to see the interactions between the blood flow and
the complex heart walls, which, to the best of our knowledge,
has never been possible before. In our full animation, we can
see how blood moves through and around the trabeculae, the
papillary muscles, and the valves during the entire cardiac cy-
cle. This is far more accurate than earlier attempts of cardiac
blood flow simulations with smooth walls, and we can use
this to find problems with diseased hearts, such as stagnant
fluid in the trabeculae that increases the risk of thrombosis.
In a later section, we use this way of visualizing flow to com-
pare the the blood flow of a healthy heart to that of a diseased
heart, demonstrating its potential clinical use.

5.1.3. Flux

To test the flux visualization method, we place planes at two
different locations. First, we place a flux plane near the apex
of the heart and visualize the flow across it. In figure 6 (a),
we see the flux across this region during ventricular systole.
We then insert a flux plane directly against the trabeculae of
the heart walls. From figure 6 (right), we can clearly see how,
during ventricular systole, the trabeculae contract, expelling
the blood. In the future, we plan to run additional simulations
on diseased hearts whose trabeculae do not contract. We will
be using these methods of visualization in order to determine
if blood remains trapped, leaving the patient at greater risk of
a blood clot.

5.2. Comparison Between Normal and Diseased Heart

We now compare the flow fields of a healthy heart to that of a
diseased heart, whose apex does not contract properly during
ventricular systole. In figure 7, we show both hearts at three
different stages of the heart cycle. The top row displays a
normal heart, and the bottom row displays the diseased heart.



Fig. 7. Comparison of blood flow between a normal heart (top) and a diseased heart with hypokinesis in the apical region
(bottom). First column: Mid diastole; Second column: Late diastole; Third column: Systole. Note how that in all three stages,
the blood in the apical region remains relatively stagnant in the diseased heart, increasing the risk of clotting. We also note that
the apex of the diseased heart remains large in all stages, since it is not properly contracting.

The first column shows mid diastole, the second shows late
diastole, and the third shows systole.

In mid diastole, the fluid entering through the mitral valve
reaches the lower regions and causes the blood to circulate
(figure 7 (a)). During late diastole, we see that a large amount
of blood enters the healthy heart at high velocity (figure 7 (b)),
causing significant turbulence and further circulation. Finally,
as the heart fully constricts during systole, the fluid velocities
everywhere remain high and the blood is adequately ejected
(figure 7 (c)).

However, we see that in the case of the diseased heart, the
inflow during diastole is significantly reduced and the blood in
the apex is fairly stagnant (figure 7 (d), (e)). Then, in systole,
we see again that the flow velocities are lower than that of the
healthy heart and does not fully expel the blood (figure 7 (f)).
This result would be extremely useful to a doctor, as this lack
of circulation across all stages of the heart cycle presents a
clear risk of clotting to the patient. We also note that the size
of the diseased heart is larger than that of the normal heart,
since the apex is not properly contracting during systole.

For a quantitative comparison, we seek the velocities
around the trabeculae at the apex of the heart. To do this,
we selected a small spherical region close to the trabeculae,
and computed the velocity magnitudes within each cell in the
sphere at each time step for both the healthy and diseased
heart. We plot the results for two cardiac cycles in figure 8.

Late diastole begins at approximately time steps 2 and 52,
and systole begins at time steps 10 and 60. We see that, on
average, the velocities in the diseased heart in this region are
about half of those in the healthy heart. In particular, we see
that during systole, the blood velocities at the apical region
of the diseased heart tend not to increase as they do in the
healthy heart, suggesting that this fluid is not being effectively
expelled, creating a risk of clotting.

6. CONCLUSION

We have demonstrated how we can now model blood flow
through hearts extracted from high-resolution CT data that
contain very complex moving boundaries. We have also de-
scribed a number of ways to visualize the modeled flow of
blood through the heart, which can be extended and be useful
to doctors in diagnoses and treatment plans. Finally, we have
shown how these visualizations can be used to compare the
simulated blood flow through a normal heart and one suffer-
ing from disease to show that how the abnormal heart may be
at increased thrombosis risk due to noncirculating blood. In
the future, we plan to perform similar visualizations on other
models of diseased hearts derived from patient-specific CT
data. In particular, we are looking to understand the move-
ment of blood through trabeculae and detect risk of clots in



Fig. 8. Average magnitudes of velocities in the apex of the
healthy and diseased heart during two cardiac cycles. Late
diastole begins at approximately time steps 2 and 52, and sys-
tole begins at time steps 10 and 60.

these regions, and how clots may affect the flow.
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