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Important design criteria of heart valves relate to the
behavior of the valve in the flow field. In particular,
pressure gradients should be as low as possible, whilst
stagnation, recirculation zones (1,2) and shear stresses
in the clearance region (3) should be minimized in
order to prevent the initiation of coagulation.

Traditionally, the behavior of the valve (leaflets) is
tested in in-vitro mock circulations (4-7), which
implies that prototypes of the valves are already avail-
able at the time of testing. During the course of the
design process, however, valves are computer-
designed, and virtual valve prototypes are available at
an early stage of the design process. However, the chal-
lenge remains to test the hemodynamic performance of
these virtual prototypes. To do so, advanced computa-
tional algorithms, which take into account the continu-

ous and full interaction between the flow and the valve
leaflets, are required (8-11).

Several attempts have been made to assess heart
valve kinematics using numerical fluid-structure inter-
action (FSI) models. Peskin and McQueen (12) devel-
oped a three-dimensional model which included the
heart and vessel walls and was based on the immersed
boundary method. Mechanical heart valve dynamics
were studied only in two dimensions using the ficti-
tious domain method by van de Vosse et al. (13).
Although these methods have the advantage that they
avoid the mesh movement, they are less accurate at the
interface between the blood and the leaflet. As such,
shear stress values on heart valve leaflets cannot be
estimated with these methods.

By using the arbitrary Lagrangian-Eulerian ALE-
remeshing approach (14), shear stress values on struc-
tures such as heart valve leaflets can be estimated more
accurately. There are different ways to tackle the cou-
pled interaction problem. One possibility is to develop
new software and solution methods for each of these
coupled applications; this is referred to as the ‘mono-
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Background and aim of the study: In-vitro studies on
the ATS heart valve have indicated that valve open-
ing is less in an expanding conduit than in a straight
conduit.
Methods: Bileaflet valve behavior was studied using
a new computational fluid-structure interaction
model. A three-dimensional model of the ATS valve
was studied in two geometries, simulating the valve
in a geometry with sudden expansion downstream of
the valve, and in a straight conduit. Mitral and aortic
flow patterns were simulated.
Results: The ATS valve in the expanding geometry
showed opening to a maximum angle of 77.5°; this
was confirmed in previous clinical and in-vitro stud-
ies. The mean and maximum transvalvular Doppler
pressure gradients were 1.1 and 4.3 mmHg, respec-
tively. The maximum shear stress calculated on the
leaflet was 25 Pa. Maximum opening of the valve was

achieved in the straight conduit; with mean and max-
imum pressure gradients of 2.1 and 4.6 mmHg,
respectively. The maximum shear stress calculated on
the leaflet was 35 Pa.
Conclusion: The results of this numerical study con-
firmed that valve hemodynamics and leaflet motion
were dependent on the geometrical conditions of the
valve: the presence of a diverging flow influenced
the maximum opening angle of the valve leaflets.
This model could be used to predict pressure gradi-
ents, effective orifice area, performance index and
shear stress loading of mechanical heart valves, and
in future will serve as a major research tool to char-
acterize the hemodynamics of existing and new
mechanical heart valves.
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lithical approach’ or the ‘direct method’ (15). On the
other hand, one can make use of existing methods and
software packages which have been developed for
either fluid or structural applications and consider iter-
ative methods (16) - also known as ‘partitioned meth-
ods’ (17) - for fluid-structure interaction. As such,

separate solvers are used for the fluid and the structure
problem. The coupling between both, with an
exchange of updated meshes and boundary condi-
tions, is carried out in an iterative manner.

Recently, a new numerical code based on the Fluent
software (Fluent, FHCI Ubanowi NH, USA) has been
developed that fulfils these requirements, and valida-
tion studies have demonstrated the accuracy of these
numerical simulations (10,11). This FSI code belongs to
the class of partitioned, but strongly coupled, methods
(10,11,18).

In the present study, this numerical code was applied
to a computer model of the ATS bileaflet valve. The
motivation for choosing this particular valve was
based on the observation that, under certain condi-
tions, the valve opening angle does not reach the max-
imum opening position (19). The results of in-vitro
experiments (6,7) appear to suggest that this behavior
is related to the geometrical conditions under which
the valve functions: the maximum opening angle is
achieved in a straight conduit, but not when the valve
is placed in an expanding conduit.

In subsequent studies, the flow pattern through the
ATS valve and the motion of the valve leaflets was sim-
ulated under two conditions: (i) in an expanding
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Figure 1: Opening angle, symmetry plane, side (S) and
central (C) orifice of the ATS valve.

Figure 2: Studied geometries and velocity profiles.



geometry subjected to a nominal mitral flow profile;
and (ii) in a straight geometry subjected to a nominal
aortic flow profile. To further illustrate the possibilities
of numerical simulations as ‘virtual hemodynamic
bench tests’, the simulated data (pressure, velocity
fields) were used to calculate well-known indices,
which are traditionally calculated in in-vitro and clini-
cal studies (6,7,19-21), and to characterize valve per-
formance. This approach also allows the shear stress
distribution on the valve leaflets to be calculated.

Materials and methods

Valve specifications
The model was based on the 22 mm AP ATS Open

Pivot™ heart valve. The inside diameter of the valve
orifice was 20.8 mm, with a geometric orifice area of
3.17 cm2. Specific to this valve is its open pivot design,
in which the convex pivots and stops are located on the
inner circumference and extended in the flow field.

The opening angle of the leaflets and the side and cen-
tral orifice of the valve are defined in Figure 1.

Geometrical and boundary conditions
Two different configurations were studied, referred

to as ‘straight’ and ‘expanding’ geometries. Only one
half of the valve was studied assuming symmetry of
the flow. The straight geometry (Fig. 2b) is a conduit of
100 mm length and 21.9 mm diameter. The outflow
conduit of the expanding geometry (Fig. 2a) was
increased to 40 mm.

Inflow conditions were set 5 cm proximal to the
valve. The applied flow profiles were nominal mitral
and aortic flow profiles (Figs. 2c and d), with the dura-
tion of one cardiac cycle being 1 s (60 beats/min). The
cardiac output for both flow profiles was 4 l/min.

Clinically relevant parameters derived from the
model

Numerical simulations produce pressure and veloci-
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Figure 3: Valve opening angle and velocity profiles.



ty in each node of the numerical grid, and the position
of the valve leaflet at any moment during the cardiac
cycle. With these data, it is also possible to calculate
valve performance indices. The velocity in the central
orifice (VCO) and side orifice (VSO), and the pressure 1.5
cm and 5 cm proximal and distal to the valve, were cal-
culated. From these pressure data, two transvalvular
pressure gradients were derived. The pressure gradi-
ent ∆P∆x=10 cm was defined as the pressure difference
between points 5 cm proximal and distal to the valve.
Likewise, the pressure gradient ∆P∆x=3 cm was defined
as the pressure difference between points 1.5 cm prox-
imal and distal to the valve. Mean and maximum
transvalvular pressure gradients were calculated:
∆Pmean was the mean pressure gradient during forward
flow, and ∆Pmax the maximum pressure gradient
during the cardiac cycle. In addition, the pressure

gradient ∆PFeng, defined by Feng et al. (6,7) as the mean
pressure difference during the acceleration phase, was
calculated.

Velocity profiles were simulated at the center orifice
(VCO) and side orifice (VSO) of the valve. The velocity
profile at the center orifice represented the velocity
that would be measured by an ultrasound machine,
and was referred to here as the ‘Doppler’ velocity pro-
file. The simplified Bernoulli equation was used to esti-
mate the maximum forward pressure gradient:

∆Pdoppler, max = 4 · V2max (1)

and the mean forward pressure gradient:

∆Pdoppler, mean = 4 · V2mean (2)
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Figure 4: ‘Expanding’ geometry: Pathlines colored with
reference to pressure.

Figure 5: ‘Straight’ position: Pathlines colored with
reference to pressure.



From the simulated velocities, it was possible to calcu-
late the shear stress distribution on the leaflet, assum-
ing a constant blood viscosity. Shear stress was
recognized as the primary biomechanical trigger for
thrombolytic and hemolytic events (22-24). From the
shear stress distribution, the following were calculated:

For each time step, the spatial average shear stress on
the leaflet: SSavg

The time variation of SSavg during the cardiac cycle
with a maximum value: maxSSavg

Maximum value of shear stress during the cardiac
cycle on the leaflet: SSmax

Results

‘Expanding’ geometry
The time course of leaflet opening is illustrated dia-

grammatically in Figure 3(a). The valve opening angle
initially reached 76.2°, moved towards a more closed
position during diastasis (59.6°), and reopened during
atrial contraction to an angle of 77.5°. Thus, the valve
never reached the maximum opening position.

Figure 3(c) shows the velocity profiles as observed at
the center orifice (VCO) and side orifice (VSO) of the
valve, compared to the inlet velocity profile. VCO and
VSO were then used to calculate ∆Pdoppler,max (4.27
mmHg) and ∆Pdoppler,mean (1.11 mmHg) (Table I). The

mean pressure gradients derived from the numerical
simulations were ∆Pmean,∆x=10 cm = 0.49 mmHg and
∆Pmean,∆x=3 cm = 0.71 mmHg. The maximum pressure
gradients derived from the numerical simulations
were ∆Pmax,∆x=10 cm = 9.20 mmHg and ∆Pmax,∆x=3 cm = 4.10
mmHg. The pressure gradient ∆PFeng (as defined by
Feng et al.) was 2.79 mmHg.

The flow pathlines are illustrated in Figure 4, and
demonstrate some of the capabilities of the numerical
model. The flow pathlines diverge into the enlarge-
ment downstream of the valve (Fig. 4a and b), guiding
the valve leaflet motion. Circular pathlines are further-
more present during complete closing phase of the
valve (Fig. 4c).

‘Straight’ geometry
The valve opening with time for the straight geome-

try is illustrated in Figure 3b; the valve opened fully
and reached the model maximum of 80°.

Figure 3d shows the velocity profiles used to calcu-
late ∆Pdoppler,max and ∆Pdoppler,mean (see Table I);
∆Pdoppler,max was 4.58 mmHg, and ∆Pdoppler,mean 2.06
mmHg. The mean pressure gradients derived from the
numerical simulations were ∆Pmean,∆x=10 cm = 0.70 mmHg
and ∆Pmean,∆x=3 cm = 0.76 mmHg. The maximum pres-
sure gradients derived from the numerical simulations
were ∆Pmax,∆x=10 cm = 9.79 mmHg and ∆Pmax,∆x=3 cm = 3.74
mmHg. The pressure gradient ∆PFeng was 3.29 mmHg.

The flow pathlines are illustrated in Figure 5; those
in Figures 5a and b were more streamlined than those
seen during valve closure (Fig. 5c).

Shear stress distribution
The shear stress distribution on the valve leaflet in

the two geometries was calculated. The time variation
of average shear stress (SSavg) is shown in Figure 6a.
Average shear stress (SSavg) was greater in the straight
geometry than in the expanding geometry (Fig. 6a).
The maxSSavg was calculated as 10.4 Pa for the expand-
ing geometry, and 19.3 Pa for the straight geometry. A
comparison of shear stress distribution on the leaflet
for the two geometries, and for the side and central ori-
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Figure 6: Shear stress (Pa) on the valve leaflets.

Table I: Summary of hemodynamic flow and pressure data

Parameter ‘Expanding’ ‘Straight’
geometry geometry

∆Pmean,Feng (mmHg) 2.79 3.29
∆Pmean,∆x=10 cm (mmHg) 0.49 0.70
∆Pmax,∆x=10 cm (mmHg) 9.20 9.79
∆Pmean,∆x=3 cm (mmHg) 0.71 0.76
∆Pmax,∆x=3 cm (mmHg) 4.10 3.74
∆Pdoppler,mean (mmHg) 1.11 2.06
∆Pdoppler,max (mmHg) 4.27 4.58

(a) SSavg [Pa] on the leaflet

(b) Shear stress distribution [Pa] in the leaflet
corresponding with time of max SSavg



fice, is shown in Figure 6b (see also Fig. 1). This shear
stress distribution corresponding to the time of
maxSSavg as indicated in Figure 6a. The SSmax was 25 Pa
for the expanding geometry, and 35 Pa for the straight
geometry.

Discussion

In these studies, the ATS Open Pivot™ heart valve
was simulated in two geometries, namely ‘expanding’
and ‘straight’ conduits. In both cases, a physiological
inflow pattern corresponding to a cardiac output of 4
l/min was used. Although the model limitations did
not allow complete simulation of forward flow across
the valve, clinically relevant parameters were investi-
gated from these numerical simulations.

Recently, a numerical code has been developed that
accounts for the complex blood-leaflet interaction, and
a 2D validation study has demonstrated the accuracy
of the numerical simulations (10,11). Based on these
observations, the algorithm was applied in a 3D set-
ting. It is however acknowledged that further experi-
mental measurements are required to validate the
agreement between the measured and calculated com-
plex 3D flow phenomena around the moving valve
leaflet.

During forward flow conditions, the mean pressure
gradients remained <3.3 mmHg for a cardiac output of
4.0 l/min, while the mean forward pressure gradients
(∆Pdoppler, mean) were 1.11 mmHg for mitral flow condi-
tions and 2.06 mmHg for an aortic flow pattern in the
respective expanding and straight geometries. These
values were similar to those reported by others (25).
The maximum forward pressure gradients were in
good agreement with maximum pressure gradients
∆P∆x=3 cm for both geometries. The maximum pressure
gradients ∆P∆x=10 cm were higher than ∆P∆x=3 cm. In order
to compare the calculated pressure gradients with
published experimental data, the mean pressure gradi-
ent as defined by Feng et al. (7) was calculated; values
of 2.79 and 3.29 mmHg for the expanding and straight
conduits respectively compared well with Feng et al.’s
value of 4.8 mmHg for the same cardiac output (7).

The impact of geometrical conditions on ATS valve
leaflet motion was studied in vitro by Feng et al. (6,7),
and the results confirmed the earlier findings of
Aoyagi et al. (19) in the mitral position. The former
authors reported less than maximum opening of the
valve in an expanding conduit under mitral flow con-
ditions, their results being in qualitative agreement
with the present numerical simulations. The ATS valve
in the expanding geometry showed opening to a max-
imum angle of 77.5°, which closely resembled the
value of 75.5 ± 1.7° reported by Feng at al. (6,7).

Another important hemodynamic parameter, which

is impossible to measure directly either in vivo or in
vitro, is that of shear stress distribution. SSmax on the
valve leaflet was 25 Pa for the expanding geometry
and 35 Pa for the straight geometry, both values being
comparable with previously published data (26). The
average SSavg on the leaflet was 10.4 Pa in the expand-
ing geometry, and 19.3 Pa in the straight geometry
(Fig. 6a). In the former situation, the diverging flow
interacts with the valve opening, thus reducing shear
stress on the leaflets (see Figs. 6a and b). Thus, less
than maximum opening of the valve and alignment of
the leaflets with the streamlines, improves the shear
stress distribution and reduces the potential for dam-
age to platelets and blood cells.

The aim of the present study was to apply computa-
tional fluid dynamics code to a realistic 3D geometry
of the ATS valve using relevant geometrical and phys-
iological conditions. The results were found to be in
qualitative agreement with previous in vivo and in
vitro observations (6,7,19,25-27).

In conclusion, this numerical simulation confirms that
valve hemodynamics and leaflet motion depend on
the geometrical conditions of the valve: the diverging
flow caused by the expanding conduit combined with
the valve design characteristics led to less than maxi-
mum valve opening, but resulted in reduced shear
stresses on the leaflets and reduced transvalvular pres-
sure gradient. This computer model can be used to
predict pressure gradients, shear stress distribution,
and other performance indices of mechanical heart
valves, and the calculated hemodynamic performanc-
es of the ATS medical valve were in agreement with
published data. It is likely that this new numerical
model will serve as a major research tool to character-
ize the hemodynamics associated with thrombolytic
and hemolytic events of new and existing mechanical
heart valves.
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