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Abstract—Mitral regurgitation (MR) is one of themost frequent
valvular heart diseases. To assess MR severity, color Doppler
imaging (CDI) is the clinical standard. However, inadequate
reliability, poor reproducibility and heavy user-dependence are
known limitations. A novel approach combining computational
and experimental methods is currently under development
aiming to improve the quantification. A flow chamber for a
circulatory flow loopwas developed. Three different orificeswere
used to mimic variations of MR. The flow field was recorded
simultaneously by a 2D Doppler ultrasound transducer and
Particle ImageVelocimetry (PIV).ComputationalFluidDynam-
ics (CFD) simulations were conducted using the same geometry
and boundary conditions. The resulting computed velocity field
was used to simulate synthetic Doppler signals. Comparison
between PIV and CFD shows a high level of agreement. The
simulated CDI exhibits the same characteristics as the recorded
color Doppler images. The feasibility of the proposed combina-
tion of experimental and computational methods for the
investigation of MR is shown and the numerical methods are
successfully validated against the experiments. Furthermore, it is
discussed how the approach can be used in the long run as a
platform to improve the assessment of MR quantification.

Keywords—Mitral valve insufficiency, Color Doppler imag-

ing, Particle Image Velocimetry, Computational Fluid

Dynamics, Simulated Doppler Ultrasound, Validation.

ABBREVIATIONS

CAD Computer Aided Design
CDI Color Doppler imaging

CFD Computational Fluid Dynamics
CWD Continues wave Doppler
DNS Direct Numerical Simulation
DUS Doppler ultrasound
FSI Fluid-Structure Interaction
LES Large-Eddy Simulation
MR Mitral regurgitation
MV Mitral Valve
NSE Navier–Stokes equations
PISA Proximal isovelocity surface area
PIV Particle Image Velocimetry
RANS Reynolds-averaged Navier–Stokes

equations
SAM Structured Auxiliary Mesh
SAMe Structured Auxiliary Mesh with element

storage
SAMEE Structured Auxiliary Mesh with Exact

Element storage
SGS Subgrid-Scale
SDUS Simulated Doppler ultrasound
US Ultrasound

INTRODUCTION

Insufficient mitral valve (MV) closing resulting in
mitral regurgitation (MR) is one of the most frequent
valvular heart diseases.5,11 A precise assessment of the
degree of severity is of great importance in order to
achieve an optimal planning and scheduling of con-
servative or surgical treatment.5,19

The clinical standard to assess MR severity is color
Doppler imaging (CDI).19 The most commonly used
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echocardiographic methods in clinical routine are the
evaluation of the regurgitating jet length and jet area as
well as the assessment of the vena contracta and the
proximal isovelocity surface area (PISA).5 The vena
contracta corresponds to the location downstream of
the orifice where the cross section of the jet is at the
minimum. The diameter of the fluid stream at this
location is an indicator for the severity of regurgitant
lesions. The PISA region proximal to the mitral valve
contains concentric, hemispheric layers of equal
velocity. The radius between the orifice and the color
reversal at the Nyquist limit is estimated and the
Gorlin hydraulic formula8 is applied. However, inad-
equate reliability, poor reproducibility and heavy user-
dependency and the lack of a reliable gold standard are
known limitations of CDI.5,19 Current application of
3D echocardiography is promising, but still not widely-
used in daily routine.10,20

For this reason, a novel approach combining com-
putational and experimental methods is currently under
development aiming to improve the quality of MR
severity quantification. The MR flow field in a specially
developed custom chamber was simultaneously
recorded using a 2DDoppler ultrasound transducer and
Particle ImageVelocimetry (PIV). Computational Fluid
Dynamics (CFD) simulations were conducted using the
same geometry and boundary conditions. The resulting
computed velocity field was subsequently used to sim-
ulate synthetic Doppler signals. By correlating the dif-
ferent modalities, the long-term goal is to analyze
specific diagnostic limitations and anatomical cases
what may help standardization, improve reliability, give
further recommendations to operators and help opti-
mizing color flow image quality.

In a previous study by Vermeulen et al.35 PIV mea-
surements of flow through a mitral valve disk located in
a hydraulic in vitro flow model were compared with
Doppler echocardiography and CFD. PIV andDoppler
ultrasound (DUS) measurements were not conducted
simultaneously and only one orifice was investigated.
Moreover, the applied CFD turbulence model was not
appropriate what will be addressed in ‘‘Simulation’’
section.CFD simulations ofMR through anorificewere
validated against color Doppler measurements per-
formed in an imaging chamber by Quaini et al.27 Again
theCFD turbulencemodel andmeshwas inappropriate.
Furthermore, no PIV measurements of the flow field
were performed. To accurately simulate and resolve the
turbulent scales of the MR regurgitatant jet is very
challenging. Therefore, in this study several approaches
to model turbulence were evaluated and the calculated
flow fields were validated in detail against the PIV
measurements.

The coupling of CFD and simulated Doppler ultra-
sound (SDUS) has previously been performed for the

purposes of investigating and improving the performance
of flow imaging by ultrasound. Khoshiniat et al.16 used a
CFDmodel of a stenosed carotid bifurcation to simulate
color Doppler ultrasound images. Results were validated
against in vitro Doppler measurements. Swillens et al.33

simulatedDUS signals based onCFD computed velocity
fields in a straight tube and an eccentrically stenosed
carotid bifurcation. The SDUS estimated flow velocities
were only compared with the CFD reference. Both
studies investigated only rather simple flow conditions
and utilized simple CFD models. No numerical DUS
procedure has yet been used to study the CDI quantifi-
cation of complex, turbulent MR flow fields.

The objective of this pilot study is to test the feasi-
bility of the proposed methodology and to validate the
numerical methods against the experiments. To the
best of the authors’ knowledge, this is the first study
that combines PIV, DUS, CFD and SDUS to inves-
tigate MR. Furthermore, it is discussed in detail how
this environment can be used in the long run as a
platform to improve MR quantification.

MATERIALS AND METHODS

Development of a Flow Chamber

In order to validate the numerical approach and to
simultaneously perform PIV and ultrasound measure-
ments, an in vitro flow chamber was developed which
had to meet some special requirements. First, to obtain
optical access for the laser and the camera for the PIV
measurements, a transparent block made of silicone
(Elastosil� RT601, Wacker Chemie AG) was incorpo-
rated proximally to the orifice in the region of the
regurgitant jet (Fig. 1). The other parts of the flow
chamber are made from polyvinyl chloride (PVC). For
optimal positioning of the echocardiographic probe di-
rectly in the jet flow, three opening windows at different
distances to the orifice (10, 15, and 20 cm) were incor-
porated in the flow chamber. To achieve proper acoustic
transparency for the echo, a silicone case covering the
TEE US probe can be put in one of the openings while
the other two openings are closed. Three different rigid
orifices (circular, rectangular, star-shaped) were used to
mimic variations ofMR. The shapes and the dimensions
of the diaphragms are illustrated in Fig. 2. The circular
pinhole represents a stenosed MV, the rectangular a
prolapse, and the star-shaped orifice is usually associ-
ated with a dilatation of the MV ring.

Experiments

The flow chamber was put in a circulatory flow loop
(Figs. 3 and 4). The fluid was tempered at 37 �C using a
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reservoir located in a heater. The actual temperature of
the fluid could be measured by the TEE probe. The
reservoir was also used to fill the system and to remove
air bubbles. The deltastream� DP3 diagonal pump
(Medos Medizintechnik AG, Germany) was used to
generate the flow. This set-up is able to provide a steady
or pulsatile flow. While a pulsatile flow provides a more
realistic simulation of MR, interpretation of the exper-
imental measurements and validation of the numerical
procedure are more reliable with a steady flow. There-
fore, the speed of the pump was set to achieve a con-

stant flow rate of 2 l/min by measuring the flow rate
with an ultrasound flow probe (SonoTT, Emtec Gmbh,
Finning Germany). The rectangular orifice was evalu-
ated in two perpendicular orientations. Transvalvular
pressure measurements were also performed (DPT-
9300, Codan pvb Critical Care GmbH, Lensahn, Ger-
many, cDAQ- 9178, National Instruments).

Particle Image Velocimetry (PIV)

PIV is a non-invasive, optical flow visualization
technique and based on the motion-detection of illu-
minated particles what allows the calculation of the
velocity field.1,28 In this study, the measurements were
performed to validate the CFD simulations as well as
to compare them with the DUS images.

As the working fluid, a water-glycerin mixture with a
mass ratio of 49.5/50.5 (W/G) was used to match the
viscosity of blood at 37 �C, which is the working tem-
perature of the ultrasound probe. The Viscosity (g),

FIGURE 1. Schematic (a) and assembly (b) of the flow
chamber.

FIGURE 2. Three different orifices were used to mimic vari-
ations of MR. (a) circular: 38.5 mm2, (b) rectangular: 60 mm2,
(c) star-shaped: 63 mm2. The thickness of each orifice is
5 mm.

FIGURE 3. Schematic of the circulatory flow loop.

FIGURE 4. Setup of the experiment.
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density (q) and refractive index (n) of the fluid were
measured and the following values have been obtained:
q = 1.12 g/cm3, g = 3.41 mPa s, n = 1.400. The slight
differences of the refractive indices of the fluid and the
silicone (n = 1.409) could not been avoided, in order to
match the viscosity at the working temperature. The
fluid was seeded with neutrally buoyant and fluorescent
tracer particles with a diameter of 10 lm (Ila GmbH,
Juelich, Germany). The Nd:YLF laser (Pegasus, New
Wave Research Inc., Fremont, CA, USA) was focused
on the center plane of the orifices. A 1280 x 1024CMOS
high-speed camera (Nanosense MKIII, Dantec
Dynamics A/S, Skovlunde, Denmark) with a 60-mm
micro lens (AF Micro-Nikkor 60/F2.8D, Nikon Inc.,
Melville,NY,USA)was positioned perpendicular to the
measurement plane. 300 images were recorded per
measurement in double framemodewith pulse distances
varying between 100 and 1000 ls depending on the fluid
velocity. PIV data is not available at the orifice due to
limited optical access. The optical images were post
processed with adaptive correlation algorithms (Dy-
namic Studio, Dantec Dynamics). The final Interroga-
tion area size was 32 9 32 pixels with an overlap of
50 %. The resolution of the resulting vector field was
~0.68 9 0.68 mm. The resulting mesh of the PIV data
was about 40 9 60 (2400) points (radial/axial). Velocity
fields were computed with Tecplot 360 (Tecplot, Inc.,
Bellevue, Washington, USA).

Doppler ultrasound (DUS)

The Doppler measurements were performed simul-
taneously to the PIV measurements. For all measure-
ments of this study, the 6T TEE 2D US probe (GE
Vingmed ultrasound, Horten, Norway) was put in the
first opening window of the flow chamber (10 cm distal
to the orifice). The silicone case was filled with US gel
to prevent any air between the transducer and the sil-
icone. The probe was oriented to scan the same plane
as in the PIV measurements. The settings and scans
were performed using the ultrasound unit Vivid 3 (GE
Vingmed ultrasound, Horten, Norway). The PIV par-

ticles also act as the ultrasound acoustic scatterers
which are necessary to improve the reflection of the
ultrasound waves. A scan depth of 12 cm was chosen
to capture the complete regurgitant jet and the PISA-
zone. Region of interest, wall filter and color gain were
set to optimize the CDI. To measure the high velocities
across the orifices, continuous wave Doppler (CWD)
tracings were also recorded.

Simulation

Computational Fluid Dynamics (CFD)

CFD is based on numerically solving the Navier–
Stokes equations (NSE) that govern fluid flow in a
discretized form.6 The CAD model of the flow cham-
ber presented in 2.1 (including the opening window for
the TEE probe) was used for all simulations. However,
to reduce the number of mesh elements, the CAD
model was truncated at a certain distance behind the
US opening window (Fig. 5) where the flow was
determined laminar (streamlines in parallel layers).
Simulations were performed for all orifice shapes using
the commercial finite volume solver ANSYS CFX 14.5
(ANSYS Germany Inc., Otterfing, Germany).

The Reynolds number Re, which can be considered
as a measure for the turbulence intensity of a flow, is
defined as

Re ¼ inertia forces

viscous forces
¼ v �D � q

l
;

where v is the maximum velocity of the fluid at the
orifice, D is the characteristic dimension of the orifice
(here the hydraulic diameter), q is the density and l is
the dynamic viscosity of the fluid. For the circular,
rectangular and star-shaped orifice the hydraulic
diameters are 7, 5.22, and 3.33 mm respectively. Using
the continuous wave Doppler, maximum velocities
between about 0.8 and 1.5 m/s were measured at the
orifices. Using the properties of the fluid this results in
a Reynolds-number between 870 and 3500. Krabill
et al.18 and Thomas et al.34 observed experimentally in

FIGURE 5. CAD model (circular orifice), boundary conditions and used mesh (shown in one plane) of the CFD simulation.
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an in vitro color Doppler study that the critical Rey-
nolds number (where transition from laminar to tur-
bulent occurs) is about 500 for mitral valve
regurgitation flows. However, only the rearward lo-
cated part of the jet is fully turbulent. Studies by Buck
et al.3 have shown that in the region of the vena con-
tracta the flow is still laminar. In this study it was
important to resolve all scales and to reproduce the
laminar to turbulent transition with high accuracy and
within reasonable computation time. The simulation of
such a flow regime is very challenging.4,26 Therefore,
different turbulence models were compared.

A Direct Numerical Simulation (DNS), where no
turbulence model is used and all the spatial and tem-
poral scales of the flow have to be resolved, would
result in a prohibitively high computational effort (up
to 150 million elements necessary).

The convenient Reynolds-averaged Navier-Stokes
equations (RANS) turbulence models (k-omega, k-epsi-
lon, shear stress transport), on the other hand, average
out all of the unsteady fluctuations and all the turbulent
scales are modeled rather than being resolved. While
these models result in less computational load, they only
provide mean flow fields and the turbulent character of
the flow is lost.6,30 Therefore, for complex flows the pre-
diction of RANS models are qualitatively wrong. How-
ever, because the computed velocity field is used as a basis
for simulating Doppler signals, a highly accurate spatial
and temporal representation of the turbulent structures is
required. Furthermore, RANS models are mainly suited
for fully turbulent flows with high Reynolds numbers.30

Due to the transitional nature of the flow and the rather
lowReynoldsnumbers, thesemodels arenot appropriate.
Nevertheless, previous studies of MR simulation applied
RANS turbulence models.27,35

TheLarge-EddySimulation (LES),which lies between
DNS and RANS concerning both accuracy and compu-
tation time, resolves the large, anisotropic and therefore
most important scales of the turbulence, whereas the ef-
fect of the small, nearly isotropic scales is accounted by
using a so-called subgrid-scale (SGS) model.6 The con-
ventional Smagorinsky SGSmodel31 depends on amodel
parameter which has to be chosen a priori and very sen-
sitively influences the effect of the turbulence modeling.
Because of the laminar to turbulent transition and great
variations of turbulent scales, no appropriate parameter
could be specified. Therefore, a localized dynamic SSG-
model based on results from Germano et al.7 and Lilly22

was used. This model calculates the proper parameter
locally in each time-step based on information contained
in the instantaneously resolved scales. The localized dy-
namic LES turned out to be the only approach which is
capable to resolve all relevant scales and predict the
transition to turbulence accurately within reasonable
computation time.

No geometric symmetries were used to fully resolve
the complete region of instantaneous flows. A high
resolution grid of more than 14 million tetrahedral
elements was generated using ICEM 14.5 (ANSYS
Germany Inc., Otterfing, Germany), refined in the area
of the jet, the orifice and the proximal convergence
zone to a size of 0.8 mm. Prismatic boundary layers
were not considered in this study, because only a free
internal flow (no boundary layer flow) was present. A
mesh sensitivity study was performed to eliminate the
effect of non-physical waves (known as wiggles, visible
as a chessboard profile in the flow field). The occur-
rence of wiggles can be explained with Fourier-Ana-
lysis.36 These waves often occur in areas of high
gradients and sharp edges of the fluid domain, like in
the area of the orifices. The large turbulent viscosity
levels of RANS simulations and the high level of
artificial viscosity of dissipative schemes like Upwind
eliminate the propagation of such numerical waves.2

For dynamic LES it is very important not to introduce
any further numerical dissipation to the low turbulent
viscosity levels4 to ensure the right energy transfer
through the turbulence spectrum. Therefore, the non-
dissipative central differencing scheme (second order in
this study) has to be applied for the discretization of
the spatial terms in the NSE. The only accurate way to
prevent non-physical waves is to highly refine the
mesh.23

The time derivatives were discretized using the fully
implicit second order Backward Euler Transient
Scheme. At the inlet the flow rates measured in the
experiment were specified and a pressure boundary
condition was applied at the outlet. For the fluid model
the same properties as in the experiments were used
(Newtonian). The residual target of the root mean
square normalized residuals was set to 1024. An
adaptive time-stepping algorithm was used to maintain
a constant maximum Courant number of 1 in order to
fully resolve the temporal scales of the turbulence and
avoid additional dissipation introduced by large time
steps. On average this resulted in a time-step size of
0.0002 s. Only one to two internal iterations per time
step were necessary to achieve the target mean square
normalized residual of 1024. Results of the computa-
tions were saved every 0.005 s. Each simulation was
carried out until the flow became statistically steady by
monitoring velocity components and pressure. Post-
processing was performed using ANSYS CFD-Post
14.5 (ANSYS Germany Inc., Otterfing, Germany).

Simulated Doppler ultrasound (SDUS)

Finally, the estimated velocity fields of MR based
on the CFD simulations were employed to generate
synthetic Doppler signals and color Doppler images.
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Since Doppler ultrasound is intensively used in
clinically diagnostic routines and for planning treat-
ment for cardiovascular diseases, there has been
growing interest in the simulation of Doppler ultra-
sound aiming at better understanding the relationship
between blood flows and color Doppler images as well
as improving existing flow imaging techniques.

As an extension of the formerly conducted simula-
tion from Jones and Giddens,14 Wendling et al.37

presented a simulation of Doppler ultrasound signals
for laminar, non-uniform and pulsatile flow. The
Field-II simulation toolbox,12,13 was originally devel-
oped to simulate ultrasound transducers and corre-
sponding images. It is also capable of generating
synthetic Doppler ultrasound signals. Khoshiniat
et al.17 suggested a practical simulation method for
reconstructing color Doppler images using data from
CFD. Real-time performance was obtained by apply-
ing this method. To provide realistic Doppler signals
for validation and development of flow imaging
methods, Swillens et al.33 established a framework
coupling CFD and SDUS by employing Field-II.

So far the focus of research was on the precisely
reconstruction of Doppler signals and there was only
few work on real-time simulation. Taking the results
from Swillens et al.,33 for example, more than 8 h were
necessary for the simulation of a single color Doppler
image. This makes the simulation less meaningful for
its original purposes. Moreover, to mimic the blood
cells backscattering ultrasound signals, point scatterers
are distributed randomly or uniquely in 3D and their
velocities are computed using interpolation. Although
the used interpolation methods can have great influ-
ence on quality of simulation, yet hardly any consid-
eration has been made on this topic. Regarding these
problems, nearly real-time performance and accurate
interpolation were achieved in our simulation. For
generating SDUS of MR, unlike most simulations,
polar coordinates were employed instead of Cartesian.

A great challenge in our case was the huge number
of mesh elements from CFD. All together more than
14 million tetrahedrons were used to represent the
whole flow field while the number of mesh elements
used in previous research work was in the order of 1
million (669,409 elements used by Swillens et al.33 and
197,857 elements used by Khoshniat et al.17 ). Fur-
thermore, the mesh elements were unstructured
(irregular grid) and their vertices were non-uniformly
distributed. To deal with these challenges, a modified
version of SAMe, namely Structured Auxiliary Mesh
with Exact Element storage (SAMEE), was applied.

Structured Auxiliary Mesh with element storage
(SAMe) was developed byKhoshniat et al.16 as a simple
extension of SAM.25 The unstructured domain (flow
field) is divided into structured auxiliary elements as

uniform Cartesian grid. These structured elements are
voxels of predefined unique size. Local look-up tables
are also generated for each voxel and indicate which
unstructured mesh elements are overlapping with cor-
responding voxels. To localize an arbitrary point in an
unknown mesh element, the voxel containing this point
must be identified. Then all mesh elements in the current
look-up table are tested for the given point. In the ori-
ginal paper of SAM, Bounding boxes of mesh elements
were used to identify the overlapping. Obviously, there
could be many unnecessary mesh elements recorded in
local look-up tables due to the proximately estimated
overlapping using bounding boxes. To overcome this,
SAMe used the 2D projections of mesh elements and
voxels onto the three cardinal planes to detect the pre-
sence of any joint section.

However, there were still some non-overlapping ele-
ments available in local look-up tables. To improve the
efficiency of SAM further, we used more precise deter-
mination of locally concerned elements for each voxel
and the exact analysis was conducted using vertices,
edges and faces of elements and voxels. It is unavoidably
more computationally expensive to set up local look-up
tables with this method. Nevertheless, after this one-
time initialization, the geometric search turns to bemore
efficient and the spatial interpolation based on
unstructured mesh elements is also further accelerated.

Conventionally the velocities of scatterers are esti-
mated using a two-step interpolation. Because most
simulation programs require monotonic coordinates of
regular grid for efficient computation, the complex
structure of CFD data has to be transformed into such
a regular grid at first. Then the velocity of an arbitrary
point can be obtained using standard interpolation.
Apparently this two-step interpolation is less reliable
due to the extra transformation of grid points and
more accurate results should be available if the inter-
polation is based on the original data directly.

Given a tetrahedron with four vertices x1, x2,x3, and
x4. The velocities of flow in these four positions are m1,
m2, m3, and m4 respectively. For any point x inside this
3D simplex there is

x ¼ k1 � x1 þ k2 � x2 þ k3 � x3 þ k4 � x4
where the coefficients (k1, k2, k3, k4) are the barycentric
coordinates of x with respect to x1, x2,x3, x4 and
k1 + k2 + k3 + k4 = 1. After solving the linear
equations the velocity interpolation for x is written as

v ¼ k1 � v1 þ k2 � v2 þ k3 � v3 þ k4 � v4:

Using SAMEE to localize scatterers in corresponding
tetrahedrons and using barycentric coordinates to
carry out subsequent velocity estimation, we were able
to interpolate the flow field just in one step.
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Generally there are two approaches to simulate the
received Doppler signals explicitly or implicitly from
blood cells (scatterers) with known velocities in sample
volumes. The explicit approach considers the backscat-
tered signals from each single scatterer individually.With
appropriate signal processing the Doppler signals can be
extracted. The results are very close to the realistic mea-
surements using Doppler ultrasound. But, on the other
hand, it is far too time-consuming to conduct such sim-
ulations. In contrary the implicit approach estimates
Doppler signals immediately from the velocities of scat-
terers. This is slightly different from the real measuring
procedure and induces tolerable inaccuracy. However,
real-timeornearly real-timeperformancecanbeobtained
by employing this approach since the complicated spa-
tial–temporal analysis is nomore necessary. To serve our
purpose the implicit approach was applied.

Scatterers of user defined density were uniformly
distributed over entire flow field and the velocity of flow
was sampled using scatterers velocities within sample
volumes of different beams and at different depth. For
real Doppler ultrasound of MR, the beams formed by
transducers differ from one another only in the rotation
angle and build together the scanned color Doppler
image across a sector. It is then reasonable to define
sample volumes in polar coordinates: angle of beams,
depth of sample volumes and their width in axial and

lateral directions. The power contribution of scatterers
to the measurement was assumed to be Gaussian.

In consideration of flexibility and convenience, a
graphical user interface (GUI) was created to enable the
on-line configuration of Doppler ultrasound imaging
and display. A screenshot of this GUI is illustrated in
Fig. 6. The transducer plane with the corresponding x-
and z-axis was visualized in the display region of the user
interface. The specified probe pose/position and trans-
ducer characteristics corresponded to the experiments.
There were on average 2457 scatterers placed in each
sample volume to sufficiently simulate Doppler signals.
The entire sectional scan was consisting of 52,800 sam-
ples and the generation of each frame took 29.876 s.

RESULTS

The results of all experimental and numerical
modalities (PIV, DUS, CFD, SDUS) are compared in
this chapter for all three orifice shapes. First, com-
parison of the instantaneous velocity fields is per-
formed. However, turbulence is random and very
sensitive to the smallest irregularities.26 Therefore, a
direct comparison of instantaneous velocity profiles is
just qualitative. For this reason, time-averaged velocity
fields of PIV and CFD are additionally compared to

FIGURE 6. Graphical user interface for configuration of SDUS.
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validate the flow simulations. The same physical
locations and measurement planes (shown in the fig-
ures) were used for each comparison. The Doppler
images were overlaid on top of the B-mode images.

Comparison of Instantaneous Velocity Fields

The comparison of the instantaneous velocity fields
of PIV and CFD shows a high level of agreement
(Figs. 7, 8, 9, and 10). Length and width of the core jet
are consistent. Differences of the instantaneous peak
velocities of the jet in the measurement plane between
PIV and CFD are within ±5% for each orifice (Ta-
ble 1). Hence, the Large-Eddy Simulation is able to
capture the instantaneous flow characteristics of the
jet. Even detailed flow structures are resolved.

With the proposed approach a direct comparison of
the recorded Doppler signals with the simultaneously

measured PIV velocity field and simulations is possible.
For the circular orifice, the 2D DUS signal captures the
main flow behavior of the regurgitation jet quite well.
Having the measurement plane in the long-axis of the
rectangular orifice, a very wide jet is recorded. Rotating
the orifice by 90�, only a small jet is observed. The length
of the jet is almost the same. This confirms that the 2D
DUS measurement of the vena contracta can result in
very different estimations of severity if only one scan
plane is evaluated. For such irregular insufficiencies a
3D Doppler transducer has to be used. The three
dimensional data evaluation of the flow simulation gives
a better understanding and physical insight of these
complex flow behaviors by contrast to DUS.

Visually the numerical CDI simulation exhibits the
same characteristics (jet, vena contracta, PISA) as the
recorded color Doppler images. Further evaluation
and refinement is, however, necessary. By employing

FIGURE 7. Comparison of instantaneous CWD, PIV, DUS, CFD, SDUS for the circular orifice.
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appropriate techniques nearly real-time SDUS was
obtained. This leads to more practical applications of
the proposed approach. Analysis of different biological
as well as technical influences on the imaging signal can
be performed in an idealized environment without any
irregularities. This is important because of the very
sensitive turbulent flow. Detailed analysis of the SDUS
signals and evaluation of different specifications will be
presented in a further study.

Comparison of Time-Averaged Velocity Fields

Figures 11, 12, 13, and 14 show the time-averaged
velocity fields obtained from PIV and CFD (transient
statistics). In the PIV images a drift of the jet to one
side can be seen. However, length, width and velocity
pattern of the core jet match closely with each other.

Table 2 shows the time-averaged peak MR jet veloci-
ties of PIV and CFD as well as the measurements by
CW Doppler. The CFD predicted velocities are gen-
erally lower compared to the PIV measurements. The
comparison shows that the CFD simulation also cap-
tures the main characteristics of the mean flow profile.

DISCUSSION

Future Application of the Tool to Improve MR
Assessment

Color Doppler imaging is the diagnostic modality of
choice for estimation of mitral valve dysfunction.19

However, the quantification is heavily dependent on
the operator’s experience. Further weaknesses are the
dependency on many hemodynamic parameters such

FIGURE 8. Comparison of instantaneous CWD, PIV, DUS, CFD, SDUS for the rectangular orifice (horizontal orientation).
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as the preload, afterload, flow momentum, rhythm,
eccentric and multiple jets, integration of diastolic
flow, anatomical parameters such as the dimensions of
left atrium, complex or elliptical regurgitant orifices or
on technical parameters such as the operating window,
spatial resolution, Nyquist-limit and the effect of
angular deviation.5,19 Over- and underestimation of
the degree of severity may be the result of even minor
measurement errors. Gottdiener et al.9 determined an
average intra-reader variability and test–retest vari-
ability of 16.7 and 24.6%, respectively, in serial echo-
cardiographic MR assessment.

Most of the limitations of CDI are not well
understood because investigation in detail is not pos-
sible yet. We proposed a new approach, where com-
putational and experimental methods are combined
with the long-term goal to analyze specific limitations

in order to improve the echocardiographic quantifica-
tion of MR.

With a special in vitro experimental setup, simultaneous
measurement of mitral valve regurgitation by PIV and
CDI becomes possible. This allows a direct comparison of
both modalities what can give a better insight of the
hemodynamic conditions of the actual flowfield and at the
same time the visual representation on theDoppler device.
It is possible to evaluate the dependency of MR quantifi-
cation on technical specifications and transducer adjust-
ments what gives a better insight of limitations and
strength of CDI. Differences between machines and
transducers in color Doppler display can be tested.
Moreover, the additional use of a 3D Color Doppler
transducer is also intended. Limitations like the relatively
low temporal resolution of 3D Doppler and the compli-
cated interpretation of the images24 will be addressed.

FIGURE 9. Comparison of instantaneous CWD, PIV, DUS, CFD, SDUS for the rectangular orifice (vertical orientation).
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On the other hand, the flow was simulated using
CFD. The resulting computed velocity fields were
additionally used to simulate synthetic Doppler sig-
nals. A graphical user interface enables visualization of
virtual color Doppler images as well as configuration
of all imaging and measurement parameters.

This simulation environment may be used to eval-
uate and refine the performance of existing CDI

approaches to assess MR severity (jet length/area
method, vena contracta, PISA) and may also support
the development of new imaging and scoring tools. The
validated CFD computations provide realistic, three
dimensional flow data which can be analyzed exactly,
in both qualitative and quantitative terms, what makes
a direct comparison with the results of the simulated
Doppler signals possible. Computations can also

FIGURE 10. Comparison of instantaneous CWD, PIV, DUS, CFD, SDUS for the star-shaped orifice.

TABLE 1. Instantaneous peak velocities of the jet in the measurement plane.

PIV (m/s) CFD (m/s)

Circular 1.364 1.389

Rectangular—horizontal 0.818 0.813

Rectangular—vertical 0.811 0.822

Star-shaped 1.084 1.033

PIV: Particle Image Velocimetry, CFD: Computational Fluid Dynamics.
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generate values that cannot be measured in vitro due to
limitations (like deviations from experiment to exper-
iment, limited optical access, high efforts and time
consumption) and the lack of appropriate experimen-
tal techniques. By contrast to in vivo investigations, the
anatomy and all other parameters are well known and
controllable. Therefore, the biological, hemodynamic
and technical influences on the quantification can be
studied in detail, efficiently and economically, inde-
pendently of one another, non-invasively, under con-
trolled and reproducible conditions but anatomically
and physiologically realistic conditions. For example,
the anatomy of the valves and atrium can be modified
and the impact on the Doppler image and quantifica-

tion methods tested. By this means, special anatomi-
cally cases with multiple, irregularly shaped or
excentric, wall-impinging jets (Coanda effect), where
validity of traditional methods is questionable, can be
investigated. This could enable a better understanding
of the relationship between the mitral valve geometry
and CDI. By this means, the proposed numerical tool
may help standardization, improve reliability of cur-
rent and new approaches, give further recommenda-
tions to operators and help optimizing color flow
image quality.

Another application is to use the interactive
numerical environment in the future to assist surgical
and interventional MV repair15 by simulating different

FIGURE 11. Comparison of time-averaged PIV and CFD for
the circular orifice.

FIGURE 12. Comparison of time-averaged PIV and CFD for
the rectangular orifice (horizontal orientation).
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effects of different approaches and devices in advance.
Furthermore, due to the simulation of DUS in nearly
real-time a learning platform (flow phantom) for
medical practitioners is possible, for example to bring
to mind capabilities and limitations of DUS and how
conventional CDI visualizes complex flow dynamics.
Insufficient understanding of the operator can cause
major diagnostic errors.

Limitations

The application of the methodology in a complex
flow condition in vivo is not trivial. Several simplifica-
tions were made in this study.

To time-accurately simulate the flow through insuffi-
cient mitral valves is challenging, due to the laminar-to-
turbulent transition and intermediate Reynolds numbers
between 700 and 5000. The Large-Eddy Simulation with
a dynamic SGSmodel has been proven to be an excellent
technique for modeling the complex turbulent flow. The
Reynolds numbers are low enough to solve the problem
in attainable computation time (about 1 week for each
simulationon6cores).However, simulationsof turbulent
flows should not be accepted without validation against
experiments. Comparison of instantaneous velocity fields
is difficult, because of the highly unsteady, irregular and
random nature of turbulence.26 Therefore, also a com-
parison of PIV and CFD time-averaged results was pre-
sented. The results showed a high level of qualitative and

FIGURE 13. Comparison of time-averaged PIV and CFD for
the rectangular orifice (vertical orientation).

FIGURE 14. Comparison of time-averaged PIV and CFD for
the star-shaped orifice.
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quantitative agreement. In the temporally averaged PIV
imagesadrift of the jet toone side canbeobservedand the
CFDpredicted velocities are generally lower compared to
the PIV measurements. Reasons could be small irregu-
larities in the symmetric setup of the flow chamber, a too
short inflow channel and unavoidable perturbations in
initial conditions, boundary conditions (measurement
error of flow rates) etc. On the other hand, in the CFD
simulations an ideal geometry and inflow profile is pres-
ent. Turbulent flows are highly sensitive to such pertur-
bations.32 Besides, especially for turbulent flows PIV
measurements are prone to errors like shadowing effects
as well as effects of limited spatial resolution,21 filtering
and the sampling procedure.29,38 Manually orienting the
US probe and PIV laser in the same scan plane is also
error-prone.

A transparent silicone block was used in the in vitro
flow chamber for PIV.Despite the highly turbulent flow,
compliance of the block is expected to be insignificant,
due to the high thickness of the block and laminar flow
condition near the wall. Constructing and building a
rigid model out of PMMA was considered to be com-
plicated or even impossiblewith the geometry used in the
experiments. Furthermore, a transparent blood mim-
icking fluid was used to make PIV measurements pos-
sible. For the investigation with DUS the use of real
blood would be more appropriate, however, in that case
PIV would not be possible anymore.

When qualitatively compared, the simulated CDI
exhibits the same characteristics (jet, vena contracta,
PISA) as the recorded color Doppler images. Based on
the experiments, the algorithms are further refined at the
moment. To achieve nearly real-time performance, syn-
thetic Doppler signals were generated using implicit
approach. This is straightforward and efficient since vir-
tual measurements were directly derived from mean
velocities in sample volumes and the explicit analysis
concerning velocity fi frequency fi velocity was
omitted. However, due to this variation from real mea-
suringprocedure, SDUSwas less realistic.Another factor
with non-negligible impact on the quality of simulation is
the sequential sampling of a whole cross section. Again,
this leads to more time-consuming computation because
velocities of each scatterer have to be interpolated for
more thanone time value and scatterers positions are also

to be periodically propagated. Searching for the optimal
compromise between efficiency and quality is of great
interest for the current research.

In actual MR, the flow is highly unsteady, the regur-
gitation jets are formed withmovingmitral valve leaflets,
complex deformations of the heart chambers are present
and the orifice is not perpendicular to the downstream
section. However, a steady flow in a simple, rigid tubular
domain with three non-deformable mitral valve dia-
phragms of different shape was investigated in this study.
This idealized environment was necessary to reasonably
test the general feasibility of the approach and to validate
the numerical methods under tailored hemodynamic and
well-controlled conditions. Previous idealized MR stud-
ies have also used rigid walls and mitral valve disks.27,35

For future experimental measurements, the use of a pul-
satile circulatory mock loop including a flexible silicone
ventricle and atrium chamber as well as biological heart
valve prosthesis is planned. To incorporate dynamic ef-
fects of the leaflets and heart chambers in the numerical
environment, Fluid–Structure Interaction (FSI) simula-
tions need tobe performed. This is highly challenging and
a lot of current studies are only dealing with this topic.
Compared with the SDUS, flow simulation is by far the
most CPU-intensive. Generating individual, complex
models for each patient would not be cost-efficient.
However, a CFD or FSI simulation will only be per-
formed once for each specific anatomy and can subse-
quently be used for many different SDUS applications.
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