Annals of Biomedical Engineering, Vol. 42, No. 6, June 2014 (© 2014) pp. 1195-1206

DOI: 10.1007/s10439-014-1008-6

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org

An In Vitro Evaluation of the Impact of Eccentric Deployment
on Transcatheter Aortic Valve Hemodynamics

PAUL S. GUNNING,' NEELAKANTAN SAIKRISHNAN,2 Laoise M. MCNAMARA,1 and AT P. YOGANATHAN?

'Biomechanics Research Centre, Department of Biomedical Engineering, National University of Ireland Galway, Galway,
Ireland; and *Wallace H. Coulter Department of Biomedical Engineering, Georgia Institute of Technology and Emory
University, Suite 232 Technology Enterprise Park, 387 Technology Circle, Atlanta, GA 30313, USA

(Received 9 December 2013; accepted 31 March 2014, published online 10 April 2014)

Associate Editor K. A. Athanasiou oversaw the review of this article.

Abstract—Patients with aortic stenosis present with calcium
deposits on the native aortic valve, which can result in non-
concentric expansion of Transcatheter Aortic Valve Replace-
ment (TAVR) stents. The objective of this study is to
evaluate whether eccentric deployment of TAVRs lead to
turbulent blood flow and blood cell damage. Particle Image
Velocimetry was used to quantitatively characterize fluid
velocity fields, shear stress and turbulent kinetic energy
downstream of TAVRs deployed in circular and eccentric
orifices representative of deployed TAVRs in vivo. Effective
orifice area (EOA) and mean transvalvular pressure gradient
(TVG) values did not differ substantially in circular and
eccentric deployed valves, with only a minor decrease in EOA
observed in the eccentric valve (2.0 cm? for circular, 1.9 cm?
for eccentric). Eccentric deployed TAVR lead to asymmetric
systolic jet formation, with increased shear stresses (circu-
lar = 97 N/m? vs. eccentric = 119 N/m?) and regions of
turbulence intensity (circular = 180 N/m® vs. eccen-
tric = 230 N/m?) downstream that was not present in the
circular deployed TAVR. The results of this study indicate
that eccentric deployment of TAVRs can lead to altered flow
characteristics and may potentially increase the hemolytic
potential of the valve, which were not captured through
hemodynamic evaluation alone.

Keywords—Transcatheter aortic valve implantation, Hemo-
dynamics, Shear stress, Particle Image Velocimetry, Eccen-
tric.

INTRODUCTION

Aortic stenosis (AS) causes progressive narrowing
of the aortic valve, resulting in increased transvalvular
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pressure gradients (TVQG), left ventricular hypertrophy
and heart failure.®’ Transcatheter Aortic Valve
Replacement (TAVR) is a percutaneous alternative to
open heart surgery, which provides treatment of
patients for whom conventional surgery is deemed
unfeasible due to pre-existing illness or high risk of
postoperative mortality.>'>> TAVRs consist of animal
derived tissue leaflets, which are mounted and crimped
onto an expandable metallic frame and are delivered to
the site of the native stenotic valve via a catheter
through a transfemoral or transapical based approach.
Once positioned correctly the valve stent expands
radially and displaces the native stenosed valve into the
aortic sinus.

Patients with AS typically present with large asym-
metric calcium deposits on the native aortic valve,
which vary in both size and density.***'*> Conven-
tional open-heart surgical techniques can remove the
stenosed valve and calcium deposits to ensure optimal
circular implantation of surgical valves.*'*> Irregular
calcium deposits and the native eccentric geometry of
the annulus can restrict the deployment of the valve.
This may lead to non uniform expansion of the stent,
resulting in an eccentric geometry of the deployed
TAVR.**

Balloon expandable and self expanding TAVRs
exhibit favorable hemodynamic performance [effective
orifice area (EOA), mean TVG] compared to surgical
bioprosthesis.®!**’ Despite this, paravalvular leakage
occurs in 65-89% TAVR patients®> with aortic valve
calcification and eccentric deployment proposed as the
primary cause of leakage.”**® Nitinol stent designs
have greater stent conformability than balloon
expandable stents, to mitigate paravalvular leak-
age,’’* and thereby offer improved stent-aortic
annulus apposition. However the conformance of the
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Nitinol stent to the calcified leaflets/annulus can
exacerbate valve distortion and may lead to irregular
leaflet kinematics.* It is not yet known whether dis-
torted TAVR implantation geometries can alter leaflet
kinematics sufficiently to cause non physiological flow
patterns further downstream of the valve. Non physi-
ological flow can lead to mechanically induced blood
cell damage, which can be caused by prolonged expo-
sure of blood cells to elevated shear stresses leading to
hemolysis.?'** Previous studies have shown the exis-
tence of a threshold shear stress range of 150-800 N/
m?, above which blood cell damage can occur if sub-
jected to for prolonged exposure times (min).>"*”*
However the shear stresses arising downstream of an
eccentric deployed TAVR have not yet been charac-
terized. Although most TAVR patients are currently
prescribed anti-thrombotic therapy, to prevent stroke
or thromboembolic complications, a detailed
understanding of the hemolytic potential of these de-
vices is critical to facilitate the extension of this therapy
to a wider patient population.

Flow assessment of TAVRs in vivo can be studied
using transthoracic echocardiography (TEE). This
modality however does not provide the required spatial
and temporal resolution to assess the potential shear
stress induced damage from eccentric deployed TAV-
Rs. Additionally, multiple patient comorbidities may
exist in high surgical risk patients that can complicate
our understanding of the underlying mechanisms of
shear stress related complications. In vitro bench-top
testing allows for controlled parametric evaluation of
the effects of valve implantation geometry on valve
performance without the requirement for large cohort
patient studies and eliminates other confounders, such
as patient prosthesis mismatch and paravalvular leak-
age. Particle Image Velocimetry (PIV) is an optical
based non-intrusive experimental technique, which can
be used to evaluate flow fields through a prosthetic
valve within a left heart simulator.?®**> This tech-
nique allows for the examination of complex flow
features such as vortices, regions of flow separation
and stagnation.’® More importantly, this Two
Dimensional-Two Component (2D-2C) method has
been extensively used to investigate shear stress and
turbulent kinetic energy (TKE) quantities that can be
used as a measure of the likelihood of blood dam-
age.!>2%337 However to date, PIV studies of TAVRs
have been limited by focusing on flow through circu-
larly deployed valves'*3%345 and have not been
applied to investigate flow alterations and hemolytic
complications caused by non circular TAVRs deployed
in heavily stenosed aortic valves in vivo.

In this study, we investigate the impact of eccentric
TAVR deployment on turbulent flow formation, ele-
vation of shear stresses and predict the potential for
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mechanically induced blood trauma downstream of the
valve using an in vitro pulsatile left heart simulator and
PIV techniques.

MATERIALS AND METHODS

Valve Model

A 23 mm supra annular TAVR design was studied,
which has bovine pericardium leaflets sutured to a
compressible and self-expanding Nitinol valve stent
with dedicated commissure posts and an inflow seg-
ment.*> Valve deployment was carried out as per
clinical recommendation: once the supra annular por-
tion of the valve stent was positioned correctly in the
aortic root model (described below), lateral expansion
of the inflow segment of the stent into the aortic root
annulus was performed. Paravalvular leakage was
mitigated through the use of a sealant around the valve
circumference. The custom built idealized acrylic aortic
root model based on clinical measurements*** con-
sisted of a straight rigid ascending aorta section
developing into an axisymmetric sinus region and an
interchangeable aortic annulus. Valves were deployed
into two aortic annulus models: a circular control
annulus (22 mm in diameter) and a severe asymmetric
geometry (Dpin = 18.7, Dyax = 25.8) with an eccen-
tricity index of 28% (eccentricity index = (1 — D i,/
Dp.y)), representative of highly eccentric explanted
and in vivo TAVRs from CT imaging (Fig. 1a).>*

Pulsatile Left Heart Simulator

The aortic root assembly was connected to the
Georgia Tech Left Heart Simulator capable of simu-
lating impaired and physiological hemodynamic con-
ditions in an in vitro test setup, as shown in Fig. lb.
The pulsatile flow loop consisted of a fluid reservoir, a
mechanical mitral valve, a bladder pump, an acrylic
valve chamber, and compliance and resistance ele-
ments.>®*%37 Ventricular function was simulated using
a bladder pump driven by compressed air and solenoid
valves. As the aortic root model was rigid, arterial
dispensability was reproduced using a lumped systemic
compliance chamber which was used to simulate flow
conditions representative of normotensive pressure
conditions (Mean Arterial Pressure = 100 mmHg) and
a Heart Rate of 70 beats/min.*®*’ Cardiac output
(CO), aortic and ventricular pressures were measured
at 500 Hz using a custom Labview program. A blood
analogue fluid of 36% water/glycerin solution was
used in the experiments to simulate blood at a kine-
matic viscosity of 3.51¢”® m?/s and minimize optical
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FIGURE 1. (a) Inflow morphologies of circular and eccentric deployed TAVRs with an eccentricity index = 28% and (b) pulsatile
left heart simulator and PIV setup used to evaluate fluid flow through a TAVR.
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FIGURE 2. Hemodynamic waveforms including ventricular pressure (red line), aortic pressure (green line) and flow rate (blue
dashed line) under (a) pathological flow conditions (CO = 2.5 L/min) analogous to patients with left ventricular and (b) physio-

logical flow conditions (CO = 5.0 L/min).

distortion during flow analysis.>**’ Valves were tested
under two CO; an impaired pathological CO of 2.5 L/
min, representative of patients with left ventricular
dysfunction due to advanced stage AS,” and a physi-
ological CO of 5 L/min.**?*">! Figures 2a and 2b show
the resultant impaired and physiological waveforms
acquired, which are similar to waveforms simulated in
previous in vitro studies of native valves and TAV-
Rs*7>1 and are also in accordance with ISO stan-
dards (ISO 5840—Cardiovascular implants—Cardiac
valve prostheses).’

Particle Image Velocimetry

2D-2C PIV is a quantitative, optical based method of
flow visualization which has been extensively used to
study velocity and shear stress fields of aortic valve
prosthesis in in vitro simulators.>*%3%¥" 2D-2C PIV
experiments were conducted on the deployed valve and
aortic root assembly to generate ensemble averaged two
dimensional velocity fields in the sinus and ascending
aortic regions of the TAVR in both circular and
eccentric deployments. The PIV system consisted of two
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Ascending Aorta

FIGURE 3. (a) Raw image of the particle laden fluid flow from the imaging plane. Idealized schematic of (b) circular and (c)
eccentric deployed TAVRs at peak systole with imaging plane coincident with the lower commissure post and line of coaptation of

the lower leaflets.

Nd:YAG pulsed lasers (ESI Inc., Portland, OR; 17 MJ
energy, 532 nm wavelength, 9 ns pulse duration) used to
illuminate polymethyl methacrylate (PMMA) particles
(Dantec Dynamics, Denmark, & = 1-20 pum, emission
at 580 nm) labeled with fluorescent Rhodium-D dye
seeded in the fluid volume. A series of spherical/cylin-
drical lenses and mirrors were used to create a laser
sheet of 1 mm thickness that illuminated the central
plane of the valve assembly, as shown in Fig. 3a. The
particles were imaged using a PIV CCD camera (La-
Vision, Germany, Imager Pro, 1600 x 1200 Px) with a
Nikon Micro-Nikkor 60 mm lens and an orange filter
with a resolution of 16.6 um/pixel. Non linear optical
calibration of the system was carried out to compensate
for radial optical distortion caused by imaging through
a curved surface, as well as refractive index mismatch
between the blood analogue fluid (n = 1.38) and the
acrylic aortic root model (n = 1.49).°**" Calibration
was performed by placing a 2D calibration target with
uniformly spaced dots coincident with the central
imaging plane of the valve assembly. A 3™ order poly-
nomial mapping function was fitted to the dots in the
calibration image correcting the velocity vectors based
on the distortion of the calibration target. Phase locked
measurements of flow vectors were captured at 34 time
points during the cardiac cycle separated by 25 ms.
Time spacing (Af) between laser pulses and image
acquisition was optimized at each time point to ensure
that the average displacement of particles between
images was approximately 25% of the final interroga-
tion window size.”> As with previous studies, pre-
liminary analysis showed that different Af values did not
produce any changes in ensemble averaged velocity
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fields, thus ensuring that the Az chosen captured the
large differences in flow velocity between ascending
aorta and sinus regions.*®’ Time spacing between laser
pulses and image acquisition was optimized at each time
point varying from 50 ps at peak systole to 1000 us
during the diastolic phase of the cardiac cycle.

At each acquisition time point, 200 image pairs were
captured to enable averaging of flow fields to capture
the most dominant flow structures and to obtain tur-
bulence measurements. Images were post processed
using DaVis 7.2 (LaVision, Germany) involving image
pre-processing (background subtraction) and vector
post processing to eliminate erroneous vectors arising
from insufficient particle density and to recursively fill
up empty regions of the vector field, as previously
described.*®” Velocity measurements were acquired
along the center line of the valve assembly, with the
TAVR oriented such that one commissure post and line
of leaflet coaptation was aligned with the imaging plane
and the opposing leaflet was aligned perpendicular to
the same plane (Figs. 3b and 3c). Moving leaflet
boundaries during valve opening and closing were ad-
dressed by applying separate individual masks prior to
vector calculation. A Matlab code (Mathworks, Natick,
MA) was used to calculate additional Reynolds/Viscous
Shear Stress and Turbulent Kinetic Energy quantities
and visualized using Tecplot (Tecplot, Bellevue, WA).

Uncertainty Analysis

Uncertainty analysis was conducted to calculate
bias errors in the PIV system, which may be caused by
pixel displacement gradients and time spacing between
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TABLE 1. Maximum and minimum velocity uncertainty
measurements during the diastolic and systolic durations of
the cardiac cycle at CO of 2.5 and 5.0 L/min.

Max and min velocity

Time point At (us) uncertainty (m/s)
CO = 2.5 L/min
Diastole 500-1000 0.0017-0.0066
Systole 125-300 0.0055-0.0262
CO = 5.0 L/min
Diastole 500-1000 0.0017-0.0066
Systole 75-200 0.0082-0.0437

laser pulses.'®*® Velocity uncertainty was calculated as
the smallest measureable displacement divided by the
time spacing at each acquisition point. The maximum
and minimum velocity uncertainty (m/s) at each
acquisition in the cardiac cycle is shown in Table 1.
Peak velocity uncertainty occurred at 300 ms into the
cardiac cycle, which was approximately 1.7% of the
maximum velocity at this acquisition point. In addition
to bias errors, precision errors related to repeatability
may be present, which cannot be quantified due to
turbulent fluctuations but are intrinsic in pulsatile flow
with mid to high Reynolds number.*® Therefore it is
not possible to isolate cycle-to-cycle variation of the
loop. Despite this, ensemble averaging of 200 vector
fields is sufficient in obtaining statistically converged
values for the calculated quantities defined below. For
our PIV experiments, only I TAVR was used. There-
fore it was not possible to calculate the effect of valve-
to-valve variability on the results obtained. However as
the valve used was manufactured to clinical standards
we expect valve-to-valve variability to be minimal.

Definition and Clinical Relevance of Calculated
Quantities

Effective Orifice Area and TVG

Hemodynamic performance of the valves evaluated
using TVG and EOA. TVG values were calculated as
the mean pressure gradient (AP,..,) across the valve
during systole, while EOA values were calculated using
the root mean square of the measured flow (Q,,s) as in
the following equation.

Qrms
51.6+/ Prean

Values were acquired over 15 cardiac cycles and
then averaged to get representative data for circular
and eccentric deployed valves.>

EOA =

Velocity Vectors

Velocity vectors allow for the visualization and
measurement of flow patterns in the immediate vicinity

and downstream of the valve. Velocity vectors can be
used to examine complex flow structures such as vor-
tices, regions of flow separation, stagnation and tur-
bulence as well as areas of ineffective washout in the
vicinity of the valve stent, which can be correlated to
locations of thrombus formation.?® The magnitude of
velocity vectors were derived using the following for-
mula Velyagnitude = VU? + V2, where U and V are
instantaneous velocities in the X and Y directions.

Reynolds|Viscous Shear Stresses and TKE Fields

Reynolds and Viscous shear stress quantities have
been correlated to blood cell damage and turbulence
and can serve as a predictor of likely areas where
hemolysis may occur.'>?” Reynolds shear stresses
(RSS) are a statistical quantity measuring shear stres-
ses between layers of fluid flow caused by temporal
variations in the velocity field, which can form due to
cycle-to-cycle variations as well as fluctuations in tur-
bulent flow. RSS values are calculated using the fol-
lowing equation:

i VN
RSS =p (f) + (W),

where p is the density of the blood analogue fluid and
i’ and V' are the mean instantaneous velocity fluctua-
tions in the X and Y directions. Fluctuations in the
velocity field were calculated by subtracting the mean
velocity from the instantaneous velocity at each
acquisition point in the cardiac cycle. Mean velocity
fields were determined by averaging 200 velocity fields
at each timepoint. Peak RSS occur in boundary layers
between high velocity flow interacting with quiescent
fluid and can indicate regions of turbulent flow.'>3’
Viscous shear stresses (VSS) are a measure of the
instantaneous shear load between layers of fluid and
can be related to the physical forces acting on blood
constituents from the surrounding fluid volume.'>**’
VSS values are calculated using the following equation:

AU dv
VSS = ﬂ(dx+dy>,

where pu is the kinematic viscosity of the blood ana-
logue fluid.*’

Turbulent kinetic energy (TKE) is the kinetic energy
of eddies in the fluid volume and can be used as a
measurement of turbulence intensity.’” TKE was cal-
culated using this equation:

TKE:%(W+VTZ)

Turbulent flow combined with extended exposure of
cells to elevated shear stresses can result in rupture of
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the cell membranes, release of cell contents and lead to
platelet aggregation and thrombolic events.?>>

RESULTS

Hemodynamic Performance

Typical hemodynamic waveforms of the circular
and eccentric deployed TAVRs at impaired (2.5 L/
min) and physiological (5 L/min) CO are shown in
Figs. 2a and 2b. The circular implanted valve had a
lower mean TVG than the eccentric deployed valve at
both 2.5 L/min (2.4 vs. 2.72 mmHg) and 5 L/min CO
(6.9 vs. 8.0 mmHg). A higher EOA was reported for
the circular valve than the eccentric valves at both
impaired CO (1.8 vs. 1.7 cm?) and physiological CO
(2.0 vs. 1.9 cm?).

Vector Velocity Fields

Results described in this section are shown in Fig. 4
and relate to averaged flow fields at different stages
during systolic ejection and diastole at locations
downstream of the TAVR at pathological and physi-
ological CO: Early Systole (175 ms), Peak Systole
(300 ms), Late Systole (375 ms) and Diastole (500 ms).

During early systole (175 ms), accelerating flow
emanated from the central orifice of both valves, see
Fig. 4. At physiological CO, a central systolic jet was
observed in the circular deployed valve with a peak
velocity of 0.8 m/s that started to converge to a point
further downstream at the sinotubular junction (STJ).
In the eccentric deployed valve, a narrow, offset and
accelerated jet occurred with a peak velocity of 1.5 m/
s, which developed into a divergent flow at the STJ
with a low velocity vortex ring appearing around the
jet that impinged on the STJ and caused flow reversal
into the lower sinus region. Similar flow profiles were
observed at the impaired CO, however the systolic jets
did not extend into the ascending aorta due to the
lower instantaneous flow rate.

At peak systole (300 ms) at physiological CO peak
velocities of 2.57 and 2.45 m/s occurred in the circular
and eccentric deployed valves respectively. In the cir-
cular deployed valve, the systolic jet had a flat velocity
profile in the immediate vicinity of the open valve that
further developed into a high velocity convergent
central jet further downstream. In the eccentric de-
ployed valve, an asymmetric jet occurred resulting in
the upward deviation of the systolic jet from the center
line of the ascending aorta. In addition to this a vortex
formed below the jet impinging on the STJ that
was not present in the circular deployed valve. At the
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impaired CO, similar systolic jet formation occurs in both
deployed valves, however the asymmetric jet formation
is less pronounced in the eccentric valve at this CO.

At late systole (375 ms), flow started to decelerate
caused by pressure reversal in the aorta. Flow char-
acteristics remain consistent with peak systole with
velocities reducing with CO, Velpe, = 1.1 m/s at
CO = 2.5 L/min and Velpg,x = 1.9 m/s at CO =5 L/
min recorded in both deployed valves. At late systole
and early diastole, pressure reversal causes the move-
ment of fluid flow along the aortic wall towards the
sinus region. Minimal flow velocities are observed in
the sinus region due to the supra annular implantation
characteristics of the valve.

At diastole (500 ms), following valve closure, the
flow velocities were approximately zero in all valve
models at each CO. Quiescent flow showed no regur-
gitant flow following valve closure, indicating that
correct leaflet coaptation and no central valvular
leakage occurred irrespective of valve geometry.

Reynolds|Viscous Shear Stresses and TKE Fields

During systole, flow accelerates from the valve into
quiescent fluid in the ascending aorta. At peak systole,
where the highest jet velocities occur, a shear layer
forms between the fast moving fluid in the systolic jet
and the slow moving quiescent fluid in the aorta. In
circular deployed valves, RSS values ranging between
30 and 97 N/m” were found at the interface of the
accelerated systolic jet and the quiescent stagnant fluid
in the aorta at both CO, see Fig. 5. A high magnitude
region of RSS of 97 N/m? was found in the flow
emanating from the stent post in the lower half of the
chamber. In the eccentric deployed valve regions of
high RSS coincided with high velocity gradients
regions, reaching values up to RSSpex = 119 N/m? at
5.0 L/min located in turbulent region below the trail-
ing edge of the systolic jet that was not present in the
circular deployed valve.

In the VSS profiles (Fig. 5), maximum and mini-
mum VSS values were the same for both valve
deployments at each CO (VSSyax = 2.5 N/m ™2 and
VSSmin = —2 N/m ™2 at 2.5 L/min CO, VSSyux =
4 N/m~? and VSSyin = —5 N/m ™2 at 5 L/min CO).
In the circular deployed valves regions of positive and
negative VSS are parallel to one other and are closer
together under pathological flow conditions which is
indicative of the lower EOA observed at this CO. In
contrast to this, the leading edge of these maximum
and minimum regions of VSS in the eccentric deployed
valves are deviating from each other with a more
divergent VSS profile observed at the higher CO that
nearly impinges on the STJ.
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FIGURE 4. Velocity vector profiles at pathological and physiological CO in valves deployed in circular and eccentric orifices at

early, peak and late systole (flow going from right to left).

For both deployment geometries, areas of elevated
TKE occurred at the boundaries of the systolic jet. In
the circular valve, flow with an elevated TKE occurred
close to the stent post and continued downstream of the
valve with a peak value of 180 N/m? at CO = 5 L/min
and 120 N/m? at 2.5 L/min. In the eccentric deployed
valves, higher TKE values (230 N/m?) occurred at both
CO’s and were observed in a localized pocket below the
edge of the deviated systolic jet. This pocket was not
present in the circular deployed valve, see Fig. 5.

DISCUSSION

This study provides a comprehensive comparison of
the flow characteristics of circular and eccentric de-
ployed TAVRs using an in vitro left heart simulator
and PIV. Our results show that EOA and mean TVG
gradients did not differ substantially between circular
and eccentric deployed TAVRs. Despite this, the
eccentric deployed TAVR lead to asymmetric systolic
jet formation, with elevated turbulence and shear stress
downstream of the valve, which was not present in the
circular deployed TAVR.

Mean TVG and EOA are performance criteria
commonly used to compare hemodynamics of pros-
thetic valve designs. Our results show that EOA and
mean TVG values did not differ substantially in cir-
cular and eccentric deployed valves and were within
the range reported for other TAVRs designs in vitro®®
and in vivo."""'>** Examination of EOA and mean
TVG metrics from this study alone would imply that
eccentric deployment of TAVRs has a minor impact on
valve performance. However, further analysis of the
flow development was performed here to study the
alterations in systolic jet formation that may occur due
to eccentric implantation. It was observed that, al-
though the peak velocity was lower in the eccentric
valve compared to the circular valve, a region of ele-
vated shear stresses occurred in a localized pocket
under the trailing edge of the offset systolic jet with an
increased peak shear stress than that occurring in the
circular valve (119 N/m vs. 97 N/m?). It must be noted
that these shear stresses remained marginally below the
threshold range of 150-800 N/m? at which hemolysis
can occur.?'*"3? This region coincided with an area of
elevated peak turbulence intensity (230 N/m?) that was
not present in the circular deployed valve (180 N/m?).
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FIGURE 5. Reynolds shear stress, viscous shear stress and turbulent kinetic energy plots at pathological and physiological CO

at peak systole (flow going from right to left).

Therefore, despite similar hemodynamic performance
of both valve configurations, the findings of this study
show that eccentric valve deployment can result in
asymmetric systolic jet formation with elevated tur-
bulence and shear stress downstream of the valve,
however these may not be sufficient to induce blood
damage.

The primary limitation in our study was the use of a
rigid idealized aortic root model. This model does not
represent the compliant behavior of the aortic tissue or
undergo changes in annulus shape that occur in vivo.*
Rigidity of the aortic wall may increase fluid velocities
and inhibit the dissipation of vortices downstream
compared to a more compliant wall model.”*® How-
ever calcium deposits,”® age related reduced arterial
compliance’ in patients requiring TAVR and the
scaffolding provided by over-sizing of the valve may
reduce compliance and dimensional changes of the
aortic root in vivo and as such a rigid model was
deemed appropriate. A calcified native valve was not
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included in the aortic root model. However the circular
and eccentric aortic annuli geometries chosen were
representative of in vivo TAVR deployment geometries
from CT imaging.®*° The axisymmetric sinus geometry
is not representative of a typical three lobed sinus
found in vivo which has recently been shown to aid in
increasing valve EOA.*> Despite this however, the
dimensions have been designed to match anatomical
measurements”>* and although simplified, is still
capable of capturing flow fields in the sinus region
associated with the upper leaflet in the valve model. In
addition to this, the TAVR in question is in a supra
annular position, which reduces the distance between
the STJ and the TAVR leaflets.®® As a result, move-
ment of fluid into the sinus region is inhibited®® thus
minimizing the impact of the axisymmetric geometry
on the results of the study. Flow characterization was
carried out in the plane of the minor axis of the ellipse
only, which was chosen as the most severe condition as
the valve diameter is reduced by 4.3 mm compared to
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the circular valve. In addition to this, the plane studied
is coincident with the distorted stent post allowing for
the capture of deviated flow caused by eccentric
deployment. Moreover, a previous study has shown
peak shear stresses occur at this plane and decrease in
magnitude in offset planes.”” The 2D-2C PIV analysis
used did not permit for the measurement of out of
plane components of the calculated quantities. How-
ever strong axial flow downstream of the valve is much
more dominant in this plane, compared to transverse
components of the flow? and our results confirmed
this through low out of plane particle loss observed in
the processed flow field images.>*® Thus a two
dimensional flow analysis can approximate this flow
relatively accurately and has been widely applied in
studies of native and prosthetic valves.'**337 In
addition to shear stress magnitude and exposure time,
red blood cell (RBC) hemolysis and platelet lysis/
activation are also dependent upon shear stress history.
Previous studies have used empirical based mathe-
matical models to investigate cell shear stress history
and the effect of sublethal damage accumulation of
blood constituents.'® '®3° Previous CFD and 2D-2C
PIV studies have used Lagrangian particle tracking for
the calculation of the exposure duration and loading
history of fluid particles in flow fields downstream of
prosthetic valves.>?**} The addition of particle track-
ing and empirical modeling in estimation of damage
accumulation is beyond the scope of this current study
and may be investigated in the future to further relate
flow field abnormalities to the thrombogenic potential
of non-concentric TAVRs. Finally, the TAVR used in
this study is based on a unique supra annular design
concept that minimizes the effect of stent asymmetry at
the valvular segment of the TAVR. We propose that
eccentric deployment will exacerbate distortions at
valvular levels in other TAVR designs, but future
studies are required to investigate this further.

The observed flow fields through the circular de-
ployed valve reported here have the same characteris-
tics as flow through native and bioprosthetic valves
reported in previous studies, with a central high
velocity jet symmetrical about the central axis of the
valve.’”* The peak velocities reported here (~2.5 m/s)
are significantly higher than that of the 23 mm Ed-
wards Sapien TAVR* (0.85 m/s) but are comparable
to the peak velocity reported for native’’ (~2.8 m/s),
polymeric®® (~2.55 m/s) and other TAVRs>3¢3% (2.1—
2.3 m/s) under similar in vitro and in vivo hemody-
namic conditions. Typically, self expanding TAVRs
are deployed undersized in order to produce sufficient
radial force to prevent valve migration.*® This in
conjunction with the tapered midsection characteristics
of the valve stent studied here, reduces orifice area and
increases peak flow velocities compared to other

TAVR designs.?*¥3%4 In the eccentric valve, the
asymmetric systolic jet observed may be a 2D cross
section of a helical flow pattern in 3D, which is syn-
onymous with observed flow fields in vivo.?3* 1t is
expected that helical flow occurs in both valve geom-
etries, however occurs earlier downstream of the
eccentric valve, due to the presence of a pocket of
elevated TKE under the systolic jet, and thus is cap-
tured in the field of view of this valve. However for the
circular valve this transition occurs further down-
stream, which is out of the field of view of the PIV
experiment. The increase in turbulence intensity likely
arises due to stent distortion, which causes the stent
posts to move radially outwards causing deviation of
flow in the lower half of ascending aorta towards the
aortic wall resulting in an area of flow recirculation
and elevated turbulence. The formation of helical flow
in the eccentric valve serves as a method to minimize
the TKE in the flow by inducing rotational stability
and thereby mitigating the transition to turbulent
flow.*>* In vivo, this has been shown in flow profiles
post TAVR, whereby a strong asymmetric jet was
formed that transitioned into helical flow early in the
ascending aorta.”” However, it must be noted that in
order to gain a further insight in helical flow patterns
arising from valve eccentricity, analysis of the flow field
in 3 dimensions may be investigated.

Mechanically induced blood damage is dependent
upon both the magnitude and the length of exposure of
blood constituents to abnormal shear stresses. Shear
stress values ranging from 150 to 800 N/m* are ac-
cepted as the threshold range at which onset of RBC
hemolysis can occur.?'*”* Once in this range the de-
gree of hemolysis is a function of the shear stress
magnitude and the exposure time (10e>~107 s).?!*7-%
Although we found increased shear stress in the
eccentric valve (compared to the circular valve), we
report that the values are lower than this thresh-
0ld.>"?"% This increase in RSS occurs due to the
separation of flow in the developing asymmetric jet
resulting in turbulent mixing occurring. At the higher
CO, this is exacerbated and higher fluctuating shear
stresses result. As asymmetric flow is not observed in
the field of view of the circular valve, turbulent mixing
is not captured and an increase in RSS with CO is not
observed. Previous studies have investigated blood
damage below this threshold region and have shown
that at a shear stress level below 150 N/m?, levels of
hemolysis per unit time are relatively low and
mechanically induced blood damage is therefore
unlikely.>?”*! In addition to this, the region of peak
RSS in the eccentric valve was coincident with an area
of high flow velocity (1.8-2.1 m/s), suggesting that cells
in this area experience peak RSS for a short duration
before continuing further downstream. Although we

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



1204 GUNNING et al.

have found that the elevated shear stress magnitudes
are not in the range for which blood damage can occur,
our findings do show that shear stress values did in-
crease with CO, an increase that did not occur in the
circular deployed valve. An increase in CO caused by
exercise or cardiac arrhythmia may potentially further
increase shear stress into the threshold range and in-
crease the blood damaging potential of flow caused by
eccentric valve deployment and as such these findings
warrant further investigation.

Unlike RBC, platelets are more sensitive to shear
stresses, with viscous shear stresses of 10 N/m? been
shown to cause platelet lysis."” Our results show that,
despite RSS values increasing for an eccentric deployed
TAVR, the instantaneous VSS remain the same for both
circular and eccentric geometries. Despite not exceeding
the critical shear stress for platelet activation, VSS values
are close to 6 N/m?, which has been shown to be a sub-
lethal shear stress threshold at which platelets can become
sensitized and are 20 times more likely to be activated in
subsequent low shear flows.** This is significant in the
TAVR studied here, whereby the distorted geometry di-
rects high VSS flow (5 N/m?) towards the STJ and sinus
regions. Stagnant flow in the sinus may expose sensitized
platelets to extended exposure time of low shear stress
making this site prone to thrombus formation.**

CONCLUSION

In this study we compare the flow alterations caused
by eccentric deployment of a TAVR and provide an
insight in the clinical complications that may be caused
by non-concentric deployment. Our findings show that
typical performance metrics (EOA and TVG) did not
differ substantially between circular and eccentric de-
ployed TAVRs. Despite this, significant changes in
systolic jet formation in the eccentric TAVR was
observed, with elevated regions of turbulence intensity
(230 N/m?) and shear stress (120 N/m?), which are not
present in circular deployed valves (180, 97 N/m?). It
was found that eccentric deployment of the TAVR
resulted in distorted stent geometry at the outflow
segment of the valve, causing flow deviation towards
the aortic wall and asymmetric flow formation com-
pared to the circular valve. Although the increased
shear stresses caused by eccentric deployment were not
high enough to cause blood damage, increased shear
stress values were only marginally below the threshold
range for which hemolysis may occur. Viscous shear
stress magnitudes (5 N/m?) were found to be close to a
threshold value for sensitisation of platelets can occur
(6 N/m?) which in conjunction with the an eccentric
deployment geometry may lead to extended exposure
times and thrombus formation. In addition to this, the
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results of this study can provide input into studies
which can further elucidate the impact of altered flow
characteristics of asymmetric TAVRs on mechanobi-
ological responses in vivo. As the clinical use of TAVRs
increase with the introduction of new valve technolo-
gies, imaging modalities and younger patient popula-
tions, the assessment and understanding of TAVR
performance in asymmetric geometries is critical in
determining the successful implantation of TAVR in
patients with wide ranging aortic root morphologies.
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