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Abstract: Transcatheter aortic valves provide superior
systolic hemodynamic performance in terms of valvular
pressure gradient and effective orifice area compared
with equivalent size surgical bioprostheses. However, in
depth investigation of the flow field structures is of inter-
est to examine the flow field characteristics and provide
experimental evidence necessary for validation of compu-
tational models. The goal of this study was to compare
flow field characteristics of the three most commonly
used transcatheter and surgical valves using phase-locked
particle image velocimetry (PIV). 26-mm Edwards
SAPIEN 3, 26-mm Medtronic CoreValve, and 25-mm
Carpentier-Edwards PERIMOUNT Magna were exam-
ined in a pulse duplicator with input parameters matching
ISO-5840, that is, heart rate of 70 beats/min, cardiac out-
put of 5 L/min, and mean aortic pressure of 100 mm Hg. A
2D PIV system was used to obtain flow velocity and

viscous shear stress fields during the entire cardiac cycle.
In vitro testing showed that the mean transvalvular pres-
sure gradient was lowest for SAPIEN 3, followed by
CoreValve, and PERIMOUNT Magna surgical biopros-
thesis. In addition, the viscous shear stress magnitude
within the jet boundary layer was higher in PERIMOUNT
Magna than CoreValve and SAPIEN 3 at the peak of the
flow. However, the measured shear stress values were
below the known threshold for platelet activation and red
blood damage. Therefore, shear-induced platelet activa-
tion is unlikely to take place during systole in the three
bioprosthetic heart valves. The PIV measurements can be
used for verification and validation of computational sim-
ulations. Key Words: Transcatheter aortic valve replace-
ment—Surgical aortic valve replacement— Particle image
velocimetry—Fluid dynamics—Bioprosthetic heart valve
—Shear stress.

Aortic stenosis due to degenerative calcific aor-
tic valvular disease is the main indication for aortic
valve replacement in developed countries (1). In de-
veloping countries, conversely, rheumatic disease is a
common cause of valvular heart disease (2,3). Each
year, more than 67 500 surgical aortic valve replace-
ments (SAVRs) are performed in the United States,
and over 275000 are done worldwide (4-6). The

doi: 10.1111/a0r.13290

Received December 2017; revised March 2018; accepted
May 2018.

Address correspondence and reprint requests to Ali
N. Azadani, PhD, The DU Cardiovascular Biomechanics
Laboratory, Department of Mechanical and Materials
Engineering, 2155 E. Wesley Ave, Room 439, Denver, CO 80208,
USA. E-mail: ali.azadani@du.edu

Presented in part at the 70th Meeting of the American
Physical Society Division of Fluid Dynamics held November
19-21, 2017 in Denver, CO, USA.

number patient with aortic valve disease is expected
to triple by 2050 due to aging populations and high
incidence of rheumatic heart disease in developing
countries (7-10). Traditionally, the risks of lifelong
anticoagulation therapy after surgical implantation
of mechanical heart valves were evaluated against
the risks of bioprosthetic valve structural deteriora-
tion and possible reoperation. Due to the promising
improvements in the long-term durability of surgical
bioprostheses, bioprosthetic heart valves have been
recently implanted in more than 90% of patients
who are over sixty years old to avoid lifelong anti-
coagulation treatment (11,12). In addition to SAVR,
transcatheter aortic valve replacement (TAVR) has
emerged as a safe and effective alternative treatment
option for patients with severe symptomatic aortic
stenosis deemed at high and intermediate risk for
SAVR (13-15). The possibility of redo transcatheter
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valve-in-valve implantation has also contributed to
the shift toward the use of bioprostheses in patients
(16-18). Consequently, the majority of patients who
undergo aortic valve replacement currently receive
either surgical or transcatheter bioprosthetic heart
valves (12,19-21).

Unlike surgical stented bioprosthetic heart valves
where leaflets are sutured to a frame mounted on a
sewing ring, TAV leaflets are attached to a stent which
can be expanded within the annulus. The lack of a
sewing ring in TAVs can lead to a larger valve area
compared to surgical bioprostheses following full ex-
pansion of the TAV stent to its nominal size. As a re-
sult, clinical measurements of transvalvular pressure
gradients and effective orifice area have been shown
that TAVs match and may even exceed the systolic
hemodynamic function of surgical stented biopros-
theses (22-24). Although, in-depth investigation of
the flow field structures in TAVs using quantitative
measurement techniques such as particle image ve-
locimetry is of interest to examine the flow-field
characteristics (25,26). In addition, the experimental
data provide evidence necessary for verification and
validation of computational models of bioprosthetic
heart valves. Computational modeling and simula-
tions are becoming increasingly accepted component
in design and verification of medical devices in the
past few years (27). Therefore, the goal of the study
was to determine flow field characteristics of the
two commercially available TAV devices, Edwards
SAPIEN 3, and Medtronic CoreValve, during systole
and compare it with that of a commonly used surgical
bioprosthesis, Carpentier-Edwards PERIMOUNT
Magna valve, using phase-locked particle image ve-
locimetry (PIV) measurements.

MATERIALS AND METHODS

Edwards SAPIEN Transcatheter Heart Valve
(Edwards Lifesciences) and Medtronic CoreValve
(Medtronic, Minneapolis, MN, USA) have been
widely used in clinical trials and clinical practice.
Edwards SAPIEN valve consists of a balloon-ex-
pandable stent and bovine pericardial leaflets.
Conversely, Medtronic CoreValve is constructed
from a self-expanding nitinol stent and porcine peri-
cardial leaflets. Both devices were granted CE Mark
approval for commercial use in Europe in 2007 In
addition, the U.S. Food and Drug Administration
approved the indication for the systems to include
treatment of patients with severe aortic stenosis at
high and intermediate risk for surgery. In this study,
detailed flow-field characteristics of 26-mm Edwards
SAPIEN 3 and 26-mm Medtronic CoreValve were
determined and compared with that of a 25-mm
surgical Carpentier-Edwards PERIMOUNT Magna
aortic heart valve (Edwards Lifesciences Fig. 1).

A custom-built pulse duplicator system (BDC
Labs, Wheat Ridge, CO, USA) was used for testing
the three bioprosthetic heart valves (Fig. 2). Heart
rate and cardiac output were control parameters for
a virtual LabVIEW pulse-signal-generator that con-
trols a servo pump system. Each stroke of the pump's
piston changes the pressure surrounding a compli-
ant silicone ventricle, causing ejection through the
aortic valve. Custom-made silicone washers (outer
diameter 40 mm, inner diameter labeled size of the
bioprostheses, and thickness 10 mm) were employed
to mount the bioprosthetic valves. The Carpentier-
Edwards PERIMOUNT Magna bioprosthesis was
placed on the top of the silicone washer and sutures

FIG. 1. (a) 25-mm surgical Carpentier-Edwards PERIMOUNT Magna bioprosthetic aortic valve. (b) 26-mm self-expanding Medtronic

CoreValve. (c) 26-mm Edward SAPIEN 3 transcatheter heart valve.
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FIG. 2. Custom-built pulse duplicator system and PIV setup.

were passed through the sewing ring to hold the
valve in place. In addition, the two TAVs were placed
within the custom-made silicone washers, so that the
bottom of the TAV frame (stent) was at the same
level as the bottom of the silicone washer. A bileaflet
mechanical heart valve was placed on the other side
of the silicone ventricle in the mitral valve position.
The pulse duplicator input parameters matched the
international standard ISO 5840: 2015 recommenda-
tions for testing prosthetic heart valves; that is, heart
rate of 70 beats/min, mean atrial and aortic pressures
of 10 and 100 mm Hg, and cardiac output of 5 L/min.
The physiological flow condition was simulated by
controlling peripheral resistance in the pulse duplica-
tor and local compliance using two compliance cham-
bers downstream of the aortic valve. Recirculating
fluid of 45% by volume glycerin solution (99% The
Science Company, Denver, CO, USA) in phosphate
buffered normal saline solution (Research Products
International, Mount Prospect, IL, USA) was used
as a blood analog fluid. The running solution has a
viscosity of 3.45 cP, a density of 1.12 g/cms, and a re-
fractive index of 1.39 at 37°C. Pressure was measured
in the aorta and left ventricle using strain gauge pres-
sure transducers (Utah Medical Products, Midvale,
UT, USA) embedded inside the pulse duplicator 35
mm upstream and 105 mm downstream of the bio-
prostheses. The pressure transducers were calibrated
prior to the tests using Delta-Cal Pressure transducer
simulator/tester (Utah Medical Products, Inc). In ad-
dition, an electromagnetic flowmeter (Model 501,
Carolina Medical Electronics Inc, East Bend, NC,
USA) was used to measure flow rate in the system.

Moreover, motion of the leaflets was captured using
a high-speed camera (Sony DSC-RX10M3) placed
on top of the aortic valve at rates of 480 and 960
frames per second.

A conventional two-dimensional PIV system
(TSI, Inc., Shoreview, MN, USA) was used to ob-
tain planar velocity measurements downstream of
the bioprosthetic valves. Illumination was supplied
by a dual oscillator Nd:YAG laser (Litron Lasers
Nano S 15 Hz) and lasers were synchronized using
a Laser Pulse Synchronizer (TSI, model 610035, TSI
Inc.). Silver coated hollow glass particles (8 pm di-
ameter, TSI, model 10089-SLVR) were used to visu-
alize the flow. Images were recorded with a 1600 x
1200-pixel resolution crosscorrelation CCD camera
(Power View Plus 2MP, TSI, model 630157), capable
of capturing PIV image pairs at 30 frames per sec-
ond. For PIV measurement, the camera was fitted
to a NIKKOR lens (50 mm f/1.8D) and a narrow
band interference filter was utilized to reduce reflec-
tions. The spatial resolution for the Magna surgical
bioprosthesis, CoreValve, and SAPIEN 3 was 58.96
pm/pixel, 62.29 pm/pixel, and 56.29 pm/pixel, respec-
tively. Phase-locked measurements were acquired by
triggering the PIV system from the pulse generator
driving the piston pump, over 91-time instances regu-
larly spaced over the entire cardiac cycle. All images
were correlated on a recursive Nyquist grid using a
50% overlap with a final pass interrogation window
of 24 x 24 pixels. The final interrogation size was se-
lected to have a careful balance between the highest
resolution and the signal-to-noise ratio of the cross
correlations. Data was processed using INSIGHT
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3G TM software from TSI. For simple nondeforming
solid boundaries, such as straight pipes, calibration
codes can be applied to the PIV measurements to re-
move the optical distortion caused by the refractive
index mismatch between the working fluid and the
valve-mounting chamber. For calibration, a plate with
a regular pattern of markers was placed in the field
of view along the bioprosthetic centerline. The image
was then used to define the scale and determine the
image distortion in both radial and axial directions.
Subsequently, a correction function was determined
and a calibration MATLAB code was applied to the
PIV measurements to remove the optical distortion
caused by the mismatch of the refractive index of the
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working fluid and that of the straight cylindrical pipe
(28). After obtaining the velocity field, Tecplot soft-
ware (Tecplot Inc., Bellevue, WA, USA) was adopted
to obtain instantaneous viscous shear stress from the
measured 2D velocity gradient using Newton's law
of viscosity.

RESULTS

The raw pressure and flow waveforms obtained
from the three bioprosthetic heart valves in the pulse
duplicator are shown in Fig. 3. The 25-mm Carpentier-
Edwards PERIMOUNT Magna bioprosthesis had a
mean pressure gradient of 8.6 + 0.07 mm Hg (Fig. 3a).
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FIG. 3. In vitro pressure and flow waveforms of (a) 25-mm surgical Carpentier-Edwards PERIMOUNT Magna bioprosthetic aortic
valve, (b) 26-mm self-expanding Medtronic CoreValve, and (c) 26-mm Edward SAPIEN 3 transcatheter heart valve.
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FIG. 4. Instantaneous velocity and viscous shear stress fields of 25-mm surgical Carpentier-Edwards PERIMOUNT Magna
bioprosthesis in various phases of a cardiac cycle.
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In addition, the effective orifice area of the biopros-
thesis was 1.7 + 0.03 cm®. The effective orifice area
was calculated based on the Gorlin equation. The
26-mm CoreValve, conversely, had a mean pressure
gradient of 75 + 0.16 mm Hg and an effective ori-
fice area of 1.72 + 0.03 cm? (Fig. 3b). In addition, the
26-mm SAPIEN 3 had a mean pressure gradient of
6.2 + 0.052 mm Hg (Fig. 3c). The effective orifice area
of the Edwards SAPIEN 3 bioprosthesis was 2.0 +
0.06 cm”. Moreover, leaflet motion of the three bi-
oprosthetic heart valves captured by the high-speed
camera is shown in the Supporting Information
videos.

Instantaneous velocity vectors and viscous shear
stress values of the 25-mm Carpentier-Edwards
PERIMOUNT Magna bioprosthesis are presented
in Fig. 4. The time intervals presented in the figure
correspond to five different phases within a cardiac
cycle, namely, acceleration, peak flow, deceleration,
early-diastole, and mid-diastole. In the acceleration
phase, a highly axial flow velocity was observed
along the bioprosthetic centerline (Fig. 4a). At the
peak of flow, a maximum jet velocity of 2.1 m/s was
measured in the center of the jet (Fig. 4b). The jet
diameter at the peak of flow was approximately
15.2 mm. The velocity decreased abruptly from the
strong central jet to the surrounding region. During
deceleration phase, velocity of the jet at the core
was decreased to 1.2 m/s (Fig. 4c). Furthermore, sig-
nificantly lower velocity magnitudes were observed
after the valve closure both in early- and mid-dias-
tole (Fig. 4d,e). In addition to the velocity field, Fig.
4 demonstrates viscous shear stress fields throughout
one cardiac cycle. At the peak of the flow, maximum
viscous shear stress was 4 N/m” and occurred along
a significant portion of the jet boundary layer (Fig.
4b). During deceleration phase and in the diastole,
however, viscous shear stress was significantly lower
than the magnitudes observed at the peak of the flow
(Fig. 4c—e).

Velocity and viscous shear stress fields of the
26-mm Medtronic CoreValve are presented in Fig. 5.
During the acceleration phase, as presented in Fig.
Sa, PIV measurements showed an accelerating axial
flow along the valve centerline. At peak of the sys-
tole, a maximum velocity of 2.2 m/s was measured in
the center of the jet (Fig. 5b). The diameter of the
jet velocity was approximately 11.3 mm, which was
smaller than that of the PERIMOUNT Magna bi-
oprosthesis. During the deceleration phase, velocity
magnitude considerably dropped as shown in Fig.
Sc. In addition, even lower velocity magnitudes were
observed during the diastole after the valve closure
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(Fig.5d,e). In addition to the velocity field, Fig. 5 illus-
trates viscous shear stress magnitude throughout the
five phases of one cardiac cycle. At the peak of flow,
maximum viscous shear stress was 4 N/m? (Fig. 5b).
However, due to the relatively wider jet boundary
layer in CoreValve compared to the PERIMOUNT
Magna valve, the overall magnitude of the viscous
shear stress at the peak of flow was lower in the
CoreValve than the PERIMOUNT Magna biopros-
thesis. During the deceleration phase and during di-
astole, the maximum viscous shear stress magnitude
was significantly lower than the peak of the flow as
presented in Fig. Sc—e. Local pockets of elevated vis-
cous shear stress were found within the flow field
downstream of the bioprosthesis.

In addition, Fig. 6 shows instantaneous velocity
vectors and viscous shear stress field of the 26-mm
Edwards SAPIEN 3 bioprosthesis. The first image
row shows the acceleration phase, in which an accel-
erating axial flow can be clearly observed along the
bioprosthetic centerline (Fig. 6a). After 40 ms, at the
peak of flow, a strong jet with a maximum velocity of
1.9 m/s was observed (Fig. 6b). The jet diameter was
approximately 20.9 mm, which was more than the
Medtronic CoreValve and PERIMOUNT Magna bi-
oprosthesis. During the deceleration phase, as shown
in Fig. 6c, velocity of the central jet decreased to 1.3
m/s. Furthermore, significantly lower velocity magni-
tudes were observed in the early- and mid-diastole
following the closure of the bioprosthesis (Fig. 6d,e).
In addition, Fig. 6 shows viscous shear stress mag-
nitudes that were obtained from the velocity field
throughout one cardiac cycle. In the peak flow, maxi-
mum viscous shear stress was 4 N/m? and occurred at
the jet boundary layer (Fig. 6b). However, the overall
magnitude of the viscous shear stress at the peak of
flow within the jet boundary layer was lower in the
SAPIEN 3 than the PERIMOUNT Magna biopros-
thesis. In addition, during deceleration phase and
during diastole, the maximum viscous shear stress
was significantly lower than the magnitudes observed
at the peak of the flow (Fig. 6¢c—¢).

DISCUSSION

In this study, we determined flow field charac-
teristics of the two commercially available and
commonly used TAVs, Edwards SAPIEN 3, and
Medtronic CoreValve, using phase-locked PIV mea-
surements and compared the results with that of a
commonly used surgical bioprosthesis, Carpentier-
Edwards PERIMOUNT Magna bioprosthesis. The
overall systolic hemodynamic performance of the
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FIG. 5. Instantaneous velocity and viscous shear stress fields of 26-mm Medtronic CoreValve in various phases of a cardiac cycle.
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FIG. 6. Instantaneous velocity and viscous shear stress fields of 26-mm Edwards SAPIEN 3 in various phases of a cardiac cycle.
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26-mm Medtronic CoreValve and 26-mm Edwards
SAPIEN 3, in terms of the mean transvalvular pres-
sure gradient and effective orifice area, was slightly
superior to that of the 25-mm Carpentier-Edwards
PERIMOUNT Magna bioprosthesis. The observa-
tion was consistent with the clinical hemodynamic
measurements of the bioprostheses (29,30). Due to
the lack of sewing ring in TAVs, TAV devices offer
a larger orifice area than comparabled size surgical
bioprostheses after full expansion of the TAV stent
to its nominal size. In addition, the maximum viscous
shear stress magnitude within the jet boundary layer
at the peak of the flow was higher in PERIMOUNT
Magna than CoreValve and SAPIEN 3 bioprostheses.
In addition, the velocity jet diameter was relatively
narrower in the Medtronic CoreValve than SAPIEN
3 and PERIMOUNT Magna, which was due to the
conical inflow section of the CoreValve. The veloc-
ity measurements were comparable with majority of
previous studies using 2D PIV to obtain velocity pro-
files of surgical bioprosthetic valves (31,32).

Fluid dynamics has been known to play a criti-
cal role in thrombotic and hemolytic complications
associated with prosthetic heart valves (26,33).
Thromboembolic events due to hemolysis and
shear-induced platelet activation have been cor-
related to high shear stress regions in the blood flow
(34-36). The true shear force experienced by blood
cells is caused by viscous shear stress than Reynolds
shear stress in the presence of turbulence (37,38). It is
well known that both shear stress magnitude and ex-
posure time are important in activation of blood cell
elements. The higher the exposure time, the lower
would be the stress threshold level for blood cell im-
pairment. The shear stress magnitude of 150 N/m? is
known to be the threshold under which no red blood
cell damage has been observed regardless of the ex-
posure time (39). In the current study, the measured
viscous shear stress downstream of the three biopros-
theses was significantly below the threshold level for
red blood cell damage reported in the literature.
Conversely, shear-induced platelet activation occurs
at significantly lower shear stress values. Hung et al.
(40) reported platelet damage at 10-16.5 N/m? for an
exposure time of 10% s, while Williams (41) found a
threshold of 13 N/m? for exposure time levels of 107
s. In addition, Ramstack et al. (42) reported platelet
activation at a somewhat higher threshold of 30-100
N/m? with an exposure time of 102-10' s. The mea-
sured shear stress values in the three bioprosthetic
heart valves examined in this study were significantly
below platelet activation threshold reported in the
literature. As a result, the predominant mechanism

of platelet activation in the bioprosthetic heart valves
will likely be as a result of blood contact with foreign
surfaces of bioprostheses than shear-induced platelet
activation.

In vitro experimental testing has been an integral
part of design verification and optimization of med-
ical devices. In the past few years, the role of com-
putational modeling and simulations in design and
verification of prosthetic heart valves is becoming
more and more important (43). The U.S. Food and
Drug Administration (FDA) and EU Medical Device
Regulatory System are major driving forces behind
the trend (44,45). As a result, in vitro experimental
testing such as the one presented in this study can be
used to validate and verify the computational simu-
lations (46-49). A combined experimental and com-
putational approach should be considered to shed
light on the flow-mediated mechanisms of throm-
bosis in bioprosthetic aortic valves. For instance, re-
gions of blood stagnation provide an opportunity for
platelets and blood proteins to accumulate to criti-
cal concentrations leading to thrombosis (50-57).
Contrary to SAVR where native calcified leaflets
are removed from the annulus during open heart
surgery, TAVs are implanted within native valves in
TAVR procedures. As a result, the aortic portion of
the TAV stent is circumferentially surrounded by the
calcified native valves in TAVR. This configuration
is more pronounced in TAVs that tend to operate in-
side the annulus such as SAPIEN valves compared
to supra-annular TAVs such as CoreValve. The geo-
metric confinement of TAVs disturbs the natural
flow field between the leaflets and aortic sinuses,
increases the blood residence time (stasis) on the
leaflets, and consequently increases the likelihood
of thrombogenesis on the TAV leaflets (58-62).
Remarkably, leaflet thrombosis is more commonly
observed in TAVR than SAVR (11). In addition, the
majority of the reported cases of leaflet thrombosis
occurred after using TAVs with intra-annular design,
such as Edwards SAPIEN and St. Jude Portico valves
(63-65).

Study limitations

In this study, a conventional 2D PIV system was
used to obtain planar velocity measurements down-
stream of the three bioprosthetic heart valves. In 2D
PIV measurements, the third component of velocity
vector cannot be measured. However, since the axial
jet velocity is of such great magnitude during the
systole, the third component of the velocity vector is
insignificant. Therefore, the 2D PIV measurements
accurately approximate the total viscous shear stress

Artificial Organs, Vol. 42, No. 11,2018
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values in the jet boundary layer during the systole.
In the diastole, however, flow is three-dimensional,
rotational, and spatially inhomogeneous. Therefore,
other PIV methods, such as stereo-PIV and tomo-
graphic-PIV, should be utilized to measure the three
components of velocity vectors. Another limitation
of this study was the lack of aortic sinus and coronary
flow in the pulse duplicator system. However, we be-
lieve that the limitations of the currently available
in vitro experimental setups that attempt to model
the aortic root geometry justify the use of the sim-
plified geometry of the present work. For instance,
in the currently available pulse duplicator systems,
the aortic root does not represent a patient specific
geometry, the root compliance and coronary arteries
are nonexistent, and in the cases that include these
properties, the resistance of coronary arteries cannot
be accurately adjusted. As a result, using a simplified
geometry facilitates the validation process of compu-
tational works during systole which was one of the
main objectives of this study.

CONCLUSION

A comprehensive evaluation of velocity and
viscous shear stress fields downstream of three
commonly used bioprosthetic heart valves was per-
formed using 2D particle image velocimetry mea-
surements. The in vitro experiments showed that
hemodynamic characteristics of the 26-mm SAPIEN
3 and 26-mm CoreValve were comparable to the
25-mm PERIMOUNT Magna surgical bioprosthe-
sis. Maximum viscous shear stress was observed at
the peak of flow during the systole within the jet
boundary layer in all the three bioprostheses. The
measured shear stress values were below the known
threshold for red blood damage and platelet activa-
tion. Therefore, shear-induced damage to red blood
cells and platelet activation are unlikely to take place
during systole in all the three bioprosthesis. Despite
the limitations described previously, PIV measure-
ments can also be used for verification and validation
of computational simulations.
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SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Video S1. High speed video of 25-mm surgical Carpentier-
Edwards PERIMOUNT Magna aortic heart valve at a
rate of 480 frames per second.

Video S2. High speed video of 26-mm Medtronic Core-
Valve transcatheter aortic valve at a rate of 480 frames
per second.

Video S3. High speed video of 26-mm Edwards SAPIEN
3 transcatheter aortic valve at a rate of 480 frames per
second.



