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ABSTRACT
2D color Doppler imaging (CDI) is currently the clinical stan-
dard to assess the mitral regurgitation (MR) severity. How-
ever, due to technical and operational limitations, commonly
used diagnostic approaches suffer from known shortcomings:
inadequate reliability, poor reproducibility and heavy user-
dependency. Aiming at improving the quality of medical
assessment, an efficient numerical reconstruction of color
Doppler images is presented. With help of a graphical user
interface (GUI), virtual CDI of different system configura-
tions and imaging parameters was conveniently generated in
a reasonable time span. The numerical reconstruction was
based on experimental results and computational fluid dy-
namics (CFD) simulation of a flow chamber with different
orifices simulating variations of mitral insufficiency. This
platform can be used to validate, evaluate and further develop
existing diagnostic approaches of MR.

Index Terms— Simulation of color Doppler imaging, mi-
tral regurgitation, efficient reconstruction

1. INTRODUCTION

Mitral regurgitation is one of the most frequent valvular heart
diseases [1] which is a result of improper closure of the mitral
valve when the left heart ventricle contracts. It is clinically of
great importance to precisely assess the severity of the abnor-
mal blood flow from the left ventricle into the left atrium. 2D
CDI is the clinical standard for the diagnosis of MR. By com-
bining Doppler ultrasound (DUS) measurements with spatial
information, color flow images are generated. Commonly
used echocardiographic methods for quantification of MR in-
corporate the evaluation of its geometric characteristics [1]:
jet length, jet area, vena contracta and proximal isovelocity
surface area (PISA). However, they suffer from known short-
comings like inadequate reliability, poor reproducibility and
heavy user-dependency due to technical and operational limi-
tations. For example, the assumption of a hemispheric veloc-
ity distribution may not always hold for PISA measurements.
On the other hand, the application of 3D echocardiography

is promising [2], but still not widely used in daily routine.
Therefore, a realistic simulation of 2D CDI in case of MR is
desirable since it can assist in better understanding the bio-
logical and technical influences on CDI.

CDI simulation is an active area of research. Wendling
et al. presented their simulation of DUS for a single sam-
ple volume in laminar, non-uniform and pulsatile flow [3].
Khoshiniat et al. [4] suggested a practical simulation method
for reconstructing color Doppler images of a stenosed carotid
bifurcation using data from CFD simulation. Real-time per-
formance was obtained by applying this method and using
a small number of samples. To provide realistic Doppler sig-
nals for validation and development of flow imaging methods,
Swillens et al. [5] established a framework coupling CFD and
simulated DUS by employing the simulation software Field-
II [6], [7]. Applied to the modified model of a healthy volun-
teer’s carotid artery, more than 8 hours were necessary for the
generation of a single color Doppler image.

As indicated by the literature review, most simulations of
CDI were conducted for analysis of vascular diseases. How-
ever, due to the more complex structure of the heart valves, it
is more challenging to achieve a realistic simulation of CDI
for analysis of valvular heart disease. Moreover, there has
been little research addressing real-time performance so far,
which is, however, essential for a practical application. In
this paper, we propose an efficient numerical reconstruction
of color Doppler images of MR in vitro by combining com-
putational methods and experimental results. A detailed de-
scription of employed material and methods is given in Sec.
2 which is followed by an evaluation of results in Sec. 3. At
the end of this paper, a discussion about possible applications,
current limitations and future developments is presented.

2. MATERIAL AND METHODS

2.1. Test Phantom

Since our goal is to investigate the biological and technical
influences on CDI under the condition of complex haemo-
dynamics of MR, it is important to construct a test phan-
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Fig. 1. Flow chamber with different orifices. PIV Measure-
ment was obtained through the transparent block. Three po-
sitions were available for placing the US probe in the flow.

tom with simulated abnormal blood flow through the mitral
valve. To this end, a customized flow chamber with differ-
ent orifices mimicing variations of mitral inefficiency was de-
veloped. Three rigid orifices (circular, rectangular and star-
shaped) were used to represent the most common geometries
of improper valve closure. Through the transparent block in
the middle of the flow chamber, particle image velocitmetry
(PIV) [8] was employed to measure the velocity field includ-
ing regurgitant jet after the orifice. Furthermore, three open-
ings located at different distances to the orifice were available
to place the US probe in the flow for acquisition of CDI. For
illustration, the design and the assembly of the flow chamber
are presented in Fig. 1.

2.2. CFD Simulation

As the necessary data basis for DUS simulation, the velocity
field inside the flow chamber must be estimated. This was
accomplished by applying CFD simulation. CFD is based on
numerically solving the Navier-Stokes equations (NSE) that
govern fluid flow in a discretized form [9]. The computation
was performed for all orifice shapes using the commercial
finite volume solver ANSYS CFX 14.5 (ANSYS Germany
Inc., Otterfing, Germany) and large-eddy simulation (LES)
for turbulent flow. The CAD model of the flow chamber was
considered in the simulation. At the inlet the measured flow
rate was specified and the measured pressure was applied at
the outlet. However, to reduce the number of elements, the
CAD model was cut at a certain distance behind the US probe
where the flow shows a laminar behaviour (streamlines in par-
allel layers). A high resolution grid of more than 14 million

tetrahedral mesh elements was generated. Refinement was
carried out in the area of the jet, the orifice and the prox-
imal convergence zone for better representing spatial varia-
tions of flow velocity. Prismatic boundary layers were not
considered in this study because only a free internal flow (no
boundary layer flow) was present. The estimated flow veloc-
ity was available at vertices of mesh elements and saved at
each time step that was predefined.

2.3. DUS Simulation

Based on the estimated velocity field from CFD simulation,
synthetic color Doppler images were generated. Basically,
DUS cannot measure the movement of blood directly, but
rather the movement of scatterers (red blood cells). These two
velocities are assumed to be identical and the measurements
from DUS are then considered as valid also for the blood flow.
In CDI the entire sectional scan of MR is consisting of several
beams of different angles where each beam is further divided
into sample volumes at different depths. There are a large
number of scatterers distributed in such a sample volume and
contribute to the velocity measurement of DUS.

2.3.1. Velocity Interpolation

The very first step of DUS simulation was to determine scat-
terer velocities by interpolating the velocity field from CFD
simulation. Since the vertices of unstructured mesh elements
are non-uniformly distributed in 3D, common interpolation
methods considering regular grids are inapplicable. To deal
with this issue, Swillens et al. [5] suggested a two-step inter-
polation approach. The complex tetrahedral mesh elements
with velocity vectors at their vertices are first transformed
into a regular grid. Then the velocities are further interpo-
lated using a commercial software (Matlab, MathWorks, Nat-
ick, MA). Obviously, the twice interpolated velocities are less
accurate in comparison to the values obtained using a direct
interpolation.

The two main difficulties in conducting a direct interpo-
lation are localization of relevant vertices for interpolation
and interpolation using an irregular grid. In [10], a structured
auxiliary mesh with element storage (SAMe) was proposed
for rapidly locating arbitrary points in unstructured mesh el-
ements which can be used to solve the first problem. SAMe
partitions the unstructured domain into voxels of a regular
grid. For each voxel a local look-up table is established and
indicates the overlapping mesh elements with respect to this
voxel. In comparison to original SAM [11] with bounding
box-based overlapping detection, SAMe determines inter-
sections using 2D projections of voxels and mesh elements
on the three cardinal planes and reduces therefore the over-
estimated number of overlapping elements. It outperforms
nearest neighbor, alternating digital tree and SAM with very
satisfactory search speed. In experiments we have realized
that SAMe still includes some non-overlapping elements in



local look-up tables. For more efficient searching, we pro-
posed a structured auxiliary mesh with exact element storage
(SAMEE) using a full examination of overlapping in 3D
which implies:

• vertices of the voxel inside the element;
• edges of the voxel intersecting faces of the element;
• vertices of the element inside the voxel;
• edges of the element intersecting faces of the voxel.

After localization of scatterers in corresponding mesh el-
ements using SAMEE, the interpolation was carried out in
barycentric coordinates. The flow velocity v at a point x in-
side a tetrahedron with vertices x1, x2, x3 and x4 can be con-
sidered as the weighted sum of velocities v1, v2, v3 and v4 at
these four vertices. Assuming the same relationship holds for
the coordinates, there is

x = [x1 x2 x3 x4] · λ with
∑
i

λi = 1 (1)

where λ = [λ1 λ2 λ3 λ4] is the coefficient vector. By solving
Eq. 1, the interpolation can be written as v = [v1 v2 v3 v4] ·
λ. Moreover, if any coefficient is smaller than zero, x must
be outside the tetrahedron. This was used to determine the
corresponding mesh elements of scatterers in local look-up
tables and was able to considerably accelerate the interpola-
tion process.

2.3.2. Measurements from Sample Volumes

Generally, there are explicit and implicit approaches for sim-
ulating measurements from sample volumes. As pointed out
in the introduction, previous research was mostly interested
in precise reconstruction of Doppler signals and applied the
explicit approach to analyze backscattered signal from each
single scatter individually. Various signal processing methods
[12] can be used to extract the required Doppler signals which
are subsequently converted into velocities and displayed as
color images according to a given color coding map. Usually
the simulation results are very close to the realistic measure-
ments. On the other hand, due to the time vs. performance
trade-off, the explicit approach is unavoidably far too time-
consuming and makes simulations less applicable. In con-
trary, the implicit approach estimates Doppler signals directly
from scatterer velocities without involving complicated spec-
tral analysis. This is slightly different from the real measur-
ing procedure but the introduced inaccuracy is still tolerable
[4] and real-time or nearly real-time performance can be ob-
tained. To achieve a more applicable simulation, the implicit
approach was applied in our work.

Since synthetic Doppler signals were no longer deter-
mined by the displacement of scatterers between pulses,
dense scatterers were uniformly distributed in the flow do-
main. A virtual probe formed beams at different angles to
build a scan of the test phantom. Scatterers in the beams and
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Fig. 2. Scanning plane of CDI through different orifices.

also in the neighboring regions were sampled with certain
sample volumes which were defined by the angle of beams,
the depth and the axial as well as the lateral width. For conve-
nience, the remaining processing was performed in cylinder
coordinates. To simulate the position-dependent contribu-
tions of scatterers to the measured DUS, a Gaussian power
distribution was applied here. Let xax, xel and xaz denote
the distance of a scatter to the center of the current sample
volume along three directions (depth, elevation and azimuth)
respectively, its power contribution G is

G = c · e−
1
2 ·(

xax
2

σax2 +
xel

2

σel
2 + xaz

2

σaz2
)

(2)

where c is a constant for normalizing the power of scatterers
and σax, σel, σaz are standard deviations for the three direc-
tions. Using this definition, we can mimic the measurements
with and without dynamic receive focusing by only adjusting
the parameter σax. For instance, with σax →∞ the dynamic
receive focusing is disabled. The measured mean velocity v̄ax
of a sample volume can be written as

v̄ax =
∑
i

vax,i ·Gi (3)

where vax,i is the axial velocity of the i-th scatterer in the
sample volume. For the clutter rejection, delay line canceler
and high pass filter were implemented and used alternatively.

3. RESULTS

Steady flow was used in our experiments for validation of the
numerical approach. Real and virtual CDI were performed for
the test phantom with all three orifices. The scanning planes
of CDI are illustrated in Fig. 2. For each experiment, PIV
measurement of the velocity filed was compared with the es-
timation from CFD simulation. Real color Doppler images
were also saved for evaluation of simulated CDI. A compari-
son between PIV measurement, CFD simulation, real and re-
constructed color Doppler images for the circular orifice is
available in Fig. 3. The length and the width of the core jet
are consistent between PIV measurement and CFD simula-
tion. The variation of the peak velocity is within 5%. Very
similar characteristics (jet, vena contracta, PISA) of MR can
be observed in real and reconstructed color Doppler images
which shows qualitatively good agreement between them. A
direct quantitative comparison was impossible since a com-
mercial ultrasound unit was employed in experiments. In or-
der to address this, an indirect assessment of the quality of
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Fig. 3. Comparison between PIV measurement, CFD simula-
tion, real CDI and reconstructed CDI for the circular orifice.

reconstructed CDI will be carried out with respect to Field-II-
based simulations (similar to [5]) in the future research.

For each experiment, CFD simulation and SAMEE were
conducted first and synthetic color Doppler images were gen-
erated based on these data. For a typical configuration of CDI
(52800 sample volumes, 2457 scatterers on average per vol-
ume), the processing time per frame was less than 23 seconds
on a 3.3GHz Intel Core i5-2500K CPU. Using a GUI, CDI of
different system configurations and imaging parameters was
simulated conveniently. Thus, evaluation of imaging settings
is possible and practical.

4. DISCUSSION

In this paper, an efficient numerical reconstruction of color
Doppler images of MR in vitro has been presented. Good
qualitative agreement between real and simulated CDI was
obtained. Using the developed test phantom, we can gener-
ate MR caused by diverse types of mitral insufficiency. Thus,
an investigation of biological influences on CDI is possible.
On the other side, the established numerical simulation gives
us the possibility to analyze technical influences on CDI by
evaluating different imaging methods and parameters. The
acquired knowledge can be used to validate, evaluate and fur-
ther develop existing diagnostic approaches of MR. This plat-
form may also be employed for improving education of med-
ical practitioners.

To achieve nearly real-time performance, synthetic Doppler
signals were generated using the implicit simulation ap-
proach. However, due to the variation from a real measuring
procedure, they are less realistic. Another factor with non-
negligible impact on the quality of simulation is the sequential
sampling of the whole cross section. Again, this leads to a

more time-consuming computation caused by interpolating
scatterer velocities and positions for more than one time
value. Searching for the optimal trade-off between efficiency
and quality will be subject to the future research.
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