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Every year, a quarter milion patients receive prosthetic heart valves in aortic valve
replacement therapy. Prosthetic heart valves are known to lead to turbulent blood
flow. This turbulent flow field may have adverse effects on blood itself, on the aortic
wall and on the valve performance. A detailed characterization of the turbulent flow
downstream of a valve could yield better understanding of its effect on shear-induced
thrombocyte activation, unphysiological wall shear stresses and hemodynamic valve
performance. Therefore, computational simulations of the flow past a bioprosthetic heart
valve were performed. The computational results were validated against experimental
measurements of the turbulent flow field with tomographic particle image velocimetry.
The turbulent flow was analyzed for disturbance amplitudes, dissipation rates and shear
stress distributions. It was found that approximately 26% of the hydrodynamic resistance
of the valve was due to turbulent dissipation and that this dissipation mainly took place in
a region about one valve diameter downstream of the valve orifice. Farther downstream,
the turbulent fluctuations became weaker which was also reflected in the turbulent
velocity spectra of the flow field. Viscous shear stresses were found to be in the range
of the critical level for blood platelet activation. The turbulent flow led to elevated shear
stress levels along the wall of the ascending aorta with strongly fluctuating and chaotic
wall shear stress patterns. Further, we identified leaflet fluttering at 40 Hz which was
connected to repeated shedding of vortex rings that appeared to feed the turbulent flow
downstream of the valve.

Keywords: bioprosthetic heart valve, leaflet fluttering, thrombocyte activation, wall shear stress, laminar-turbulent
transition, fluid-structure interaction, computational fluid dynamics

1. INTRODUCTION

Aortic valve replacement (AVR) is a common therapy for moderate to severe aortic stenosis
(Kheradvar et al., 2015). In AVR, the diseased native aortic valve is replaced by mechanical (MHV)
or biological heart valve prostheses (BHV) in an estimated 250’000 annual interventions worldwide
(Yoganathan et al., 2004). Heart valve prostheses are known to create turbulent flow in the aortic
root (AR) and the ascending aorta (AAo) (Sotiropoulos et al., 2016). This turbulent flow may be
connected to blood platelet activation triggering thrombus formation (Quinlan and Dooley, 2007)
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FIGURE 12 | Turbulent dissipation rate e (dotted lines), average turbulent dissipation rate €avg (solid lines) and temporal power spectral density of v'¢ 2 (xo, yo,2)
(contour plot: white indicates high values, dark for low values): (A) along the center line (xo, ¥o,2) = (0,0,2)m, (B) along a parallel line (xo, yo,2) = (—0.007,0,2) m.
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FIGURE 13 | Velocity spectra E_, (k) at different locations in the flow field: (A) (x,y,z) = (0, 0,0.03)m, (B) (x,y,2) = (0,0, 0.05)m. The dashed line shows a —5/3
decay rate typical for a turbulent inertial subrange.
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FIGURE 14 | Wall shear stresses on the AR wall: (A) instantaneous WSS at t = 0.24 s, (B) mean WSS, (C) oscillating shear index OSI, (D) mean magnitude of WSS
fluctuations. The values were projected onto an unrolled cylinder surface where the vertical dashed lines highlight the azimuthal locations of the valve posts.
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jet at z 0.03m. Likewise, RSSpmax (Figures 10D-F
and Supplementary Figure 2) peak in the same region at
approximately 300 Pa. The concentration of rms fluctuations
and RSS above the valve posts could not be observed in the
experiment. We suspect that this difference was due to different
inflow conditions in experiment and simulation. It is possible
that higher inflow disturbance levels in the experiment led
to a less organized flow field which made it more difficult
to identify local structures above the valve posts. Finally,
Supplementary Figure 3 shows velocity spectra E; (k) for the
same locations as the spectra in Figure 13. Although these
spectra exhibit the same overall structure as the computational
data, the experimental velocity spectrum at z 0.03m
(Supplementary Figure 3A) shows a significantly lower energy
level than the computational data. This may be attributed to the
laminar core which had not yet fully closed at z = 0.03m in
the experiment. At z 0.05m, the laminar core had closed
in the experiment and in the computational model and the
turbulent flow field attained a more homogeneous character.
Accordingly, the experiential velocity spectrum at z = 0.05m
(Supplementary Figure 3B) is in very good agreement with the
computational data.

The leaflet fluttering at 40Hz agrees very well with
observations of Vennemann et al. (2018) who described leaflet
fluttering at 36 Hz in an experiment with similar hemodynamic
configuration and the same valve design. The present results are
also close to the experimental observations of Peacock (1990)
who reported fluttering at 15 to 30Hz for a different bovine
BHYV in water. Recent in vivo electrocardiographic measurements
in stentless bovine BHV found fluttering frequencies of 15Hz
(Aljalloud et al., 2018). Lee et al. (2020) reported fluttering of
a bovine BHV in a pulse duplicator in saline at approximately
30Hz while their numerical model exhibited fluttering at
approximately 60 Hz (estimated from Figure 4 in Lee et al,
2020). These comparisons suggest that the present model was
appropriate to reproduce the phenomenon of leaflet fluttering,
although the fluttering frequency was somewhat higher than in
corresponding experimental settings. Quantitative differences to
the experimental results of Moore and Dasi (2014), who observed
fluttering at 50 — 100 Hz for a porcine BHV in saline and no
fluttering when the a water/glycerin mixture was used, may be
due to the porcine tissue with results in thinner and more supple
leaflet structures than in bovine BHV. The amplitude of the
fluttering appears rather high when compared to experimental
data. Whereas, the leaflet tips in the present study moved
approximately 5mm during a fluttering period, Peacock (1990)
reports amplitudes of only 2mm and Moore and Dasi (2014)
observed fluttering amplitudes of 4 mm. It is not clear at this
point, what causes these large amplitudes and further studies
are necessary to understand which mechanical or geometrical
parameters determine the fluttering amplitude.

We showed that leaflet fluttering was directly connected to
repeated shedding of vortex rings at 40Hz. These vortex rings
are an inherent feature of the fully developed aortic jet and
must not be confused with the starting vortex which is only
issued once after valve opening (Sotiropoulos et al., 2016). The
triple decomposition of the flow field (Figures 9D-F) suggests

that the fluctuations due to the vortex rings had a peak at
z ~ 0.015m after which the turbulence intensity I” started to
increase, marking the start of the vortex ring breakdown. This
process was also reflected in the temporal spectra of Figure 12
which were dominated close to the valve orifice (at z
0.01 m) by the shedding frequency of 40 Hz and then evolved
to turbulent spectra featuring the classical —5/3-slope of the
inertial subrange (Figure 13). The peak in turbulent dissipation
at z ~ 0.03 m suggested that this region may have been the place
of turbulent breakdown. This region was also associated with
the highest viscous shear stresses and Reynolds shear stresses
(Figure 10).

While RSS levels are of limited relevance for the prediction
of blood trauma (Quinlan and Dooley, 2007; Ge et al., 2008),
the viscous shear stress levels (up to 40 Pa) indicate that shear-
induced thrombocyte activation may occur in the shear layers
of the aortic jet. As already pointed out by Hedayat et al. (2017)
and Hedayat and Borazjani (2019) for the case of bileaflet MHYV,
this activation in the aortic jet may become clinically relevant,
if activated thrombocytes are transported by the retrograde flow
along the wall toward the sinus portions where thrombi may
form (Chakravarty et al., 2017; Jahren et al.,, 2018; Hatoum et al,,
2019).

The turbulent flow behind the BHV left its footprint also
on the AAo wall. We found elevated and fluctuating WSS up
to 14 Pa mainly downstream of the point where the aortic jet
attached to the wall (Figure 14). These turbulent WSS may play a
role in lesions of the endothelial layer (Davies et al., 1986). The
present results also indicate that the distribution and intensity
of turbulent WSS on the AAo wall are related to the point of
attachment of the central aortic jet. This suggests that the ratio
between aortic jet diameter and AAo diameter could be relevant
for the location and magnitude of peak WSS: the larger the AAo
diameter, the later the attachment and the lower and farther
downstream the peak WSS. Of course, these conjectures must be
confirmed quantitatively and it should also be pointed out that
the present model with a straight AAo did not reflect the full
geometrical complexity with the bending of the AAo which may
lead to an early impingement (rather than an attachment) of the
aortic jet.

Further limitations of the present study include the inflow,
the modeling of the BHV and the high fluid viscosity used in
our model. As we have seen in Figure 9F, the inflow to the BHV
had a residual turbulence intensity I of approximately 10% due to
incomplete suppression of fluctuations in the fringe region. It is
unclear whether this level of fluctuations is a good representation
of the inflow to a BHV coming from the left ventricle or the
inflow in an experimental setup. It can be expected that the
complex and unsteady flow within the left ventricle will lead to
significant inflow disturbances. However, their magnitude is not
known and further studies are necessary to assess to what extent
the inflow perturbations affect the transition process behind
the valve.

The BHV was modeled using manual measurements of
the valve dimensions and literature data on the mechanical
properties of bovine pericard tissue used for the valve
leaflets. Although the valve kinematics matches experimental
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observations generally quite well, the high fluttering amplitude
suggests that the present BHV model should be further
refined by optimizing mechanical and geometrical parameters of
the model.

To assess the effect of the fluid viscosity on the results, we
performed ad hoc simulations with a simplified model with
viscosities of 0.004, 0.006, and 0.008 Pas. These tests indicated
that the viscosity had a negligible effect on the mean flow
field and only a very small effect on the location of the
turbulent breakdown. For the lower viscosity (0.004 Pas), we
found an increase of 10% of the turbulent kinetic energy with
respect to the nominal viscosity (0.006 Pas) and an decrease of
5% for the highest viscosity (0.008 Pas). The average viscous
stresses changed nearly proportionally to the viscosity which
also indicates that the shear rates remained nearly unchanged.
Therefore, it should be expected that the viscous shear stress
levels and the wall shear stress levels for blood are reduced by
30 to 40%.

Finally, we would like to discuss differences between the
pulsatile flow through a real heart valve and the quasi-steady
systolic flow configuration in the present study. Certainly, the
present configuration eliminated some transient effects due
to flow pulsatility and we found that fluctuations of rje,
Vietavgs and Vijeymax slightly decayed toward the end of our
simulation (cf. Figure 5). This could indicate that the fluttering
is not sustained. However, careful inspection of the leaflet
kinematics showed that one of the leaflets started to flutter
slightly out-of-phase from the other leaflets. Therefore, the
reduced fluctuations toward the end of the simulation were
due to asynchronous leaflet motion and not due to reduced
individual leaflet fluttering amplitudes. Further, we believe that
there is sufficient time scale separation between central flow
phenomena (e.g., fluttering at 40 Hz and the typical duration of
the systolic phase approximately 0.3s) and we found that the
flow had enough time to establish the turbulent flow field during
the early systolic phase. Therefore, we believe that the studied
flow field was representative for the flow during peak systole.
Additionally, the quasi-steady configuration had the advantage
that turbulence statistics could use time-averaged quantities and
that there were no artifacts due to cycle-to-cycle variations
which are known to occur in pulsatile flow past heart valves
(Sotiropoulos et al., 2016).

5. CONCLUSION

The present computational study characterized the turbulent
systolic flow downstream of a bovine BHV. Similar to the
study by Lee et al. (2020), we validated our numerical
model against experimental data obtained for the same
valve design.

We identified a peak of turbulent dissipation approximately
one diameter downstream of the valve orifice. This was also
the region where the vortex rings broke down, that were shed
at 40 Hz from the fluttering leaflet tips. The total turbulent
dissipation was found to be accountable for 26% of the total

pressure loss over the valve (TVPG) indicating that turbulence
is a significant and detrimental factor for hemodynamic valve
performance. Further, we found elevated turbulent viscous
shear stresses up to 14 Pa which may be connected to shear-
induced thrombocyte activation. This could indicate that BHV
thrombogenicity (Chakravarty et al., 2017) is connected to the
turbulent flow past the valve.

To our best knowledge, this computational study is the first
to present turbulent spectra behind BHV. As pointed out by
Quinlan and Dooley (2007), whose study was limited to data
for mechanical heart valves by Yoganathan et al. (1986) and
Liu et al. (2000), such velocity spectra are an important basis to
study shear-induced thrombocyte activation. Finally, the present
computational model allowed us to study for the first time the
wall shear stress patterns along the AAo wall (Figure 14 and WSS
video in the Supplementary Material). We found elevated levels
of turbulent WSS which suggest a possible connection between
BHYV turbulence, endothelial lesions and long-term AAo health.
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