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Abstract In vitro analysis of the heart prosthetic valves can have a deep impact both in the design of more
efficient valves models and in the determination of the best patient/prosthesis match after a surgical intervention.
In this context, the study of the aortic valve is of great interest since the aorta is the main artery leaving the heart
and plays a fundamental role in distributing oxygenated blood in the circulatory system. Worldwide, several Pulse
Duplicators (PDs) have been designed to simulate the heart/circulatory system behavior. The objective of this
study is to analyze the performances of a mechanical bileaflet aortic valve placed in an elastic, transparent,
anatomically accurate replica of a human aortic root, placed in a new PD. In particular we propose an integrated
approach aimed to define the following aspects: definition of the global parameters in agreement with the existing
normative UNI EN 5840 concerning the cardiac heart valves; analysis of the dynamics of the opening/closing
mechanism of the valve leaflets; characterization of the flow field near the valve. To this aim, the twodimensional instantaneous velocity fields were measured by means an image analysis technique called Feature
Tracking, in order to investigate the evolution of the inlet jets during the aortic root model filling and to compute
the maximum shear stresses values, that are the possible consequences of haemolysis phenomena. Then, to
evaluate the head losses in correspondence of the valve itself a set of pressure measurements have been carried
out.

1. Introduction
The artificial heart valves graft has a high social impact: in the western world at least 105 surgical
interventions of this type have been estimated, with a rising trend due to the increasing life expectancy
(Roger et al., 2011).
Aortic valvular diseases are in fact more and more often degenerative, and surgical replacement of the
native valve with a prosthetic device still represents the only possible treatment in the advanced stages of
disease. Bileaflet mechanical valves are commonly used to be implanted in the aortic position primarily
for their high durability, which however is offset by a marked tendency to thrombus formation as a
consequence of the implantation (Roger et al., 2011; Bronzino et al., 2006).
The knowledge of the characteristics of the aortic flow near the valve itself is then essential for the
assessment of the performance of the valve, and in the choice of the valve and of its orientation in
relation to the specific characteristics of each individual patient. Aortic flow is typically influenced by
several factors such as the complex geometry of the domain, the pulsatile characteristic of the motion,
the fluid interaction both with the aortic walls and with the prosthesis.
Grigioni et al. (2002) have shown by numerical simulations and in vitro experiments how the valve
features can be directly related with a possible damage occurring on the blood cells. According to
several authors (e.g. Lee et al., 2003 and Grigioni et al., 1999), the high turbulence developing
downstream of the valve as well as the high velocity gradients represent the main indices of a high
hemolytic potential. In particular, it is estimated that the threshold of the tangential stress beyond which
the damage of the cell structure is expected ranges around 150÷400Pa. In addition to the obvious need to
describe the interaction between the flow and the valve in terms of field local motion, the
characterization in terms of global dynamic parameters gives fundamental information for the
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assessment of the performance of a prosthesis.
The international normative (UNI EN ISO 5840, 2009), prescribes a minimum limit to the so-called
Effective Orifice Area, EOA, which is the area of the vena contracta of the valve outflow. This
information is particularly useful in cardiac surgery for the choice of the preferable surgical solution
(Gerosa et al. (2003); Gerosa et al.(2004)). It is apparent how the features of the flow field, described in
terms of its local and/or global characteristics, are strongly influenced by the dynamic behavior of the
valve. Therefore, the detailed analysis of this aspect also is needed (Scotten et al. 2004; Walker et al.,
1999).
However, so far we are not aware of any existing experimental device that allows to investigate the
valve functionality according to the integrated approach proposed here i.e. by investigating
simultaneously the behavior of the valve leaflets, the trend of global parameters, and the local flow field.
Moreover, the alternative numerical approach suffers for the inherent complexity in modeling the fluidstructure interaction, the geometry of the domain to be characterized, and the mechanical properties of
biological tissues involved (Grigioni et al., 2004; Yoganathan et al., 2005).
In the framework of in vitro analysis, the examination of the global parameters of the transvalvular
hemodynamics is well established (Chandran et al. 1985; Yoganathan et al., 1986; Hasenkam et al.,
1988; Lim et al., 1998; e Bluestein et al., 2000; Walker et al., 1999; Grigioni et al., 2003; Garcia et al.,
2003; Yoganathan et al., 2004; Carabello et al., 2006), on the contrary investigation of the near flow
field are reported in more recent studies (Lim et al., 1998; Grigioni et al., 2004; Leo et al., 2006; Guivier
et al., 2006). To our knowledge, though investigation of the valvular dynamics have been performed,
(Arsenault et al., 1998; Scotten et al. 2004; Walker et al., 1999), it seems to lack an approach that
simultaneously considers engineering, clinical and normative aspects of the problem.
This work has the objective of giving a contribution in this sense by the setting up of a suitable device
optimized for the execution of global and local tests, and for the study the valvular dynamics. The paper
is divided in the following sections: section 2 is dedicated to the description of material and methods, in
section 3 we present results obtained in the study of the flow field downstream of a bileaflet aortic valve
varying the flow period and the stroke volume; finally in section 4 we reported discussion and
conclusions.

2. Materials and Methods
Figure 1a shows a sketch of the experimental apparatus.

Figure 1. (a) Sketch of the experimental apparatus: 1.Linear motor, 2.Hydraulic piston,
3.Ventricular chamber, 4.Aortic chamber, R1-R2.Periferic resistances, RC. Compliance flow
regulator, C. Compliance, S1. Constant head tank, S2. Atrial tank. (b) PVC mask and silicon
model of the aortic root. (c) Flow rate ejected/sucked by the piston pump
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The flow through the aortic bileaflet valve was investigated in a pulse duplicator (PD), i.e. a hydraulic
loop simulating the human systemic circulation, in both flow rate and ventricular-aortic pressure waves.
The anatomic district between the left ventricle outflow tract and the aortic root was accurately
reproduced, and the impedance of vascular systemic net was mimicked according to a concentrated
parameters approach. A positive displacement piston pump moves accordingly to a given pulsatile time
function governing the volume changes of the ventricle (Figure 1c). The aortic chamber, which is the
core of the apparatus, is made of plexiglass for the required optical access. The aortic root is placed
inside the aortic chamber. It is made of silicon rubber, to both simulate the physiological blood vessel
elasticity, and also to allow optical access. Shape and diameter of the aortic root (D=24 mm) derive from
average adult population data (Figure 1b). The mechanical prosthetic valve was the bileaflet Sorin®
‘Bicarbon’ (nominal diameter dv=25mm, comprehensive of the suture annulus), housed inside the aortic
root just upstream of the Valsalva sinuses.
Two piezoelectric sensors (PCB Piezotronics® 1500 series) are located upstream and downstream of the
valve, in order to measure, respectively, the aortic (pa) and ventricular pressure (pv), according to the
Italian Department of Health prescriptions (Barbato et al., 1991). Ventricular and aortic pressure tapes
are located at 6.25D and 3.5D from the valve housing, respectively.
The cardiovascular peripheral resistance is reproduced by two in series shutter taps (R1 and R2, as
shown in Figure 1a). A third valve controls the flow entering or leaving the compliance chamber. The
latter is an air tank and reproduces the compliance of large arteries by allowing storage and release of
fluid during the simulated cardiac cycle. The aortic flow enters the right atrium tank S1 through a nozzle
open to the atmosphere, thus closing the systemic circulation. Tank S2 mimics the left atrium, and feeds
the left ventricle chamber following a pressure regime completely separated from the aortic one.
The aortic root geometric aspect-ratio was 1:1. For the dynamical similarity, equality of both the
Reynolds and the Womersley numbers is required between the physiological flow and the experimental
one, these parameters being defined as:

UD
D2
Re =
;Wo =
ν
Tν

(1)

where ν is the kinematic viscosity of the blood analogue fluid, U is the average velocity through aortic
valve orifice at the time of systolic peak, and T is the period of cardiac cycle. Present experiments were
performed adopting distilled water, with viscosity of approximately 1/3 blood viscosity. Hence, to
respect dynamic similarity, an experimental cardiac cycle period equal to 3 times the physiologic one
was adopted, for a given physiological stroke volume SV (i.e., the volume ejected from the ventricle in
one heart beat).
During the experiments the mean aortic pressure was always set to 100 mmHg. Figure 2b shows the
phase averaged pressure waves of 50 nonconsecutive acquisitions in the case of SV=64 ml and T=2.4 s.
The ability of the PD to accurately reproduce the real case form both a qualitative and a quantitative
point of view clearly appears when comparing the experimental curves to the physiological ones (Figure
2a). A sensitivity analysis of the PD was also performed by varying hydrodynamic input conditions and
examining the behavior of the effective orifice area EOA, as explained in the next paragraph.
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Figure 2. Ventricular (pv) and aortic (pa) pressure waves. (a) Physiological case (adapted from
Guyton & Hall, 2000). (b) Experimental case, with of mean aortic pressure ( pa ) .

To investigate the prosthetic valve leaflets dynamics, images were acquired by a camera placed at an
angle of 30° with respect to the horizontal valve plane. Three different hydrodynamic conditions were
reproduced, namely stroke volume SV=54, 64, and 80 ml and period T=2.4 s.
For each condition 10 frames were selected, at the time points depicted on the flow rate curve in figure
3. At those instants, the tilting angle of both the left and the right leaflets with respect to the horizontal
plane was measured (Figure 3). To this aim, the leaflet was assumed to be a line going from the leaflet
top to the hinge.

Figure 3. Right (αdx) and left (αsx) leaflets tilting angle, and measurement points in the ejection
period.

The flow downstream the valve was investigated by changing the stroke volume (SV= 64ml and 80ml);
the tested period were T=2.4s and 2.6s. The vertical mid-plane of the aortic root was illuminated by a 12
W, infrared laser. The working fluid was seeded with neutrally buoyant particles with 30 µm average
diameter. Images were acquired by a high speed camera (500 frames/s) with a spatial resolution
1280x1024 pixels. A Feature Tracking algorithm (Cenedese et al., 2005) was used to measure the
instantaneous velocity field by recognizing particles trajectories. Interpolation of data on a regular 50x51
grid then gave the 2-D velocity matrix. Spatio-temporal resolution (Δxmin=1.45 mm Δtmin=1/500 s) was
high enough to identify vortex structures in the aortic root, and to follow their evolution during the
cardiac cycle.
Each series consisted of 100 runs that have been used to compute the phased averages. The main
experiments parameters are listed in Table 1.
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SV [ml] T [s] U [m/s]

Re

64

2.4

0.1073

11490

80

2.4

0.1341

14360

64

2.6

1.1158

10325

80

2.6

0.1284

12963

Table 1. Main parameters describing the flow field experiments

3. Results
3.1 Global hydrodynamic performance
Hemodynamic parameters usually adopted both for the clinical and for the in vitro evaluation of the
aortic prosthetic heart valve performance are the transvalvular pressure drop Δp=pv-pa and the Effective
Orifice Area, EOA (Yoganathan et al., 2005). Following the European Standard UNI EN ISO 5840, this
latter area can be calculated as:
EOA =

Qrms
Δpm
51.6 ⋅

(2)

ρ

where Qrms it is the root mean square of discharge in the ejection interval (ml/s), ∆pm it is the mean
pressure drop (mmHg) the same time interval and ρ (g/cm3) the density of the fluid. Equation (2) gives
EOA.
A sensitivity analysis was performed in order to analyze the effectiveness of the experimental apparatus
to test in vitro the global valve performances. Five different hydrodynamic working conditions were
examined. Table 2 shows the main hydrodynamics parameters. It clearly appears how the modifications
of the working conditions yield different values both of Δpm and EOA.
Test
1
2
3
4
5

SV
T[s] p a [mmHg] Δpm[mmHg]
[ml]
64
1.8
100.23
2.47
54
2.4
97.92
1.47
64
2.4
100.29
1.67
80
2.4
99.93
2.14
64
3.0
100.29
1.04

Qrms
[ml/s]
108.94
73.17
88.28
111.48
67.85

EOA
[cm2]
1.34
1.17
1.33
1.48
1.29

Table 2. Hydrodynamic quantities for the sensibility analysis. The values are averaged on 50
cycles.

Figure 4 shows the behavior of the EOA as a function of the stroke volume and of the period,
respectively. As expected (Walker et al., 1999; Gerosa et al., 2003; Garcia et al., 2005) EOA increases
for increasing SV, and decreases for increasing T. The minimum value of EOA required by the UNI EN
ISO 5840 normative is also indicated. When the PD working conditions are those specified in the
standard (i.e. SV=64 ml, T=2.4 s), the measured EOA (square point in Figure 4) is in the prescribed
range.
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Figure 4. Behaviour of the effective orifice area EOA as a function of the stroke volume SV, for
T=2.4s (a), and as a function of the period T, for SV=64 ml (b). The dashed line shows the UNI EN
ISO 5840 requirement

3.2 Valve dynamics
Figure 5 shows the behaviour in time of the left and right leaflet tilting angle. Panels ‘a-c’ highlight that
the two leaflets move asynchronously, in particular during the opening phase. Moreover, the right leaflet
is found to open to a usually larger angle. Differences between the left and the right leaflet behavior
seems to become less important for the larger SV. Panels ‘d’ and ‘e’ further clarify the effect of the
stroke volume on leaflets dynamics. During the opening phase, the tilting angle increases as SV
increases, while in the closing phase no noticeable effect of SV is found. These preliminary results
suggest the need of the adopted experimental approach to investigate the valve dynamics.

Figure 5. Behaviour in time of the leaflet tilting angle for the left (αsx) and the right (αdx) leaflet,
respectively
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3.3 Local analysis
3.3.1 Velocity and Vorticity maps
The descriptions of time evolution of the phenomenon at SV 64ml, T=2.4s when the aortic valve is
placed is shown in Figure 6, where phase averaged velocity and vorticity fields are plotted. The six most
meaningful points of the cycle has been chosen and in each figure the non-dimensional time with respect
to cycle period is indicated; also the flow-rate curve with a red dot indicating the current instant is
inserted at the bottom left corner of each panel.

Figure 6. Velocity (black arrows) and vorticity (scale of colour) fields in the case of SV
64 ml and T=2.4 s

The first plot (t/T=0.140) corresponds to the instant following the valve opening. As clearly shown by
the graph, the two lateral jets (A and B in the vorticity map) begin to develop earlier than the central one
(C). The jet corresponding to the right leaflet (B) develops slightly earlier than the left one (A),
according to the asymmetric phenomenon observed in the valve dynamics. This asymmetry is to be
related to the presence of the Valsalva sinuses, as confirmed by the subsequent flow evolution. At
t/T=0.168 the leaflets are over 2/3 of their maximum opening degree: the two lateral jets (A and B)
move upwards next to the aorta wall, and a recirculating vortex generated by the left jet (A) fills the
Valsalva sinus. At t/T=0.195, at the end of the flow acceleration, two structures (A’ and B’ in the plot)
separate from the two main jets, move through the aortic root and leave the measurement area. After the
systolic peak, at t/T=0.222, the vortex layers at the boundary move upwards and at the same time get
weaker and weaker in vorticity. At t/T=0.290 the vortex developed in the Valsalva sinuses decreases in
terms of its maximum vorticity value, due to the intensity flow reduction through the aortic valve.
Finally, at t/T=0.395, at the end of the systole, it is observed the flow stasis in the upper side of the aortic
model due to the motion inversion in the aortic root proximal area. This phenomenon is related to the
reflux through the leaflet valve during the diastole, typical of the mechanical prosthesis. It is observed
also a drastic decrease of the velocity and vorticity values.
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3.3.2 Viscous shear stress
It was reported in literature that the quantities more likely related to blood cells damages are the viscous
shear stresses. The continuous damaging of the red cells (haemolysis) requires al long term therapy
based on anticoagulant. The expression used for the evaluation of the maximum shear stress, ν max, at a
given location is (Grigioni et al., (2002)):

τ max = (τ 1 − τ 2 ) / 2 = µ ⋅ (e1 − e2 )

(3)

taking into account only the in-plane velocity components. The phase-averaged maximum shear stress
was calculated and made dimensionless by means of the scale ρU2 in the investigated conditions.
In Figure 7, these values are shown during four significant points of the cycle with stroke volume 64 ml
and period T 2.4 s.

Figure 7. Maximum viscous stress in the case of SV 64 ml and
T=2.4 s

The presence of the bileaflet valve determines a complex texture of high shear streaks, due to the
development of three jets. In particular it has been observed the asymmetry of the higher values reached,
accordingly with the asymmetric phenomenon observed in the valve dynamics.
In order to compare the overall shear level during the whole cycle, the maximum shear stress presented
above was averaged over the investigated area of the aortic root. Results are non-dimensionally plotted
in figure 8. In the case of period T 2.4s , the values with SV 80ml are globally higher than those with SV
64ml at least of 12.5%, whereas in the case of T 2.6s the values for the SV80 ml are higher than the 6ml
ones at least of 16%.
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Figure 8. Comparison among the viscous shear stresses at different SV

4. Discussion
An experimental apparatus able to test in vitro the functionality of cardiac prosthetic valves in the aortic
position has been carried out with an approach integrating the global and the local functional parameters.
In particular, the global information allows to verify the parameters that describe the valve performances
accordingly to the regulatory guideline UNI EN ISO 5840, and providing useful information for the
clinical purposes. The local aspect investigates the flow field next to the valve, by supplying information
on the flow and structure interaction, useful to the correct valve design.
The experimental measurements have been carried out by using a bileaflet mechanical valve.
The suitability of the experimental apparatus to verify the valve global hydrodynamic performance has
been checked by means the investigation of the valve Effective Orifice Area (EOA) at different
hydrodynamic conditions.
The valve dynamics has been described by means the leaflets opening angles. Results highlight the
asynchrony of the leaflets during the opening phase, due to the interaction with the Valsalva sinuses.
The characterization of the flow field in terms of time resolved velocity fields through the valve has
been obtained by using an image analysis technique, i.e. Feature Tracking. The phase-averaged velocity
and vorticity fields allowed to investigate the evolution of the vortical structures. In particular, this
analysis confirmed the asymmetric flow motion due to the leaflets asymmetry during the opening phase.
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