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Abstract

Purpose To investigate the effect of changing systolic and diastolic blood pressures (SBP and DBP, respectively) on sinus
flow and valvular and epicardial coronary flow dynamics after TAVR and SAVR.

Methods SAPIEN 3 and Magna valves were deployed in an idealized aortic root model as part of a pulse duplicating left
heart flow loop simulator. Different combinations of SBP and DBP were applied to the test setup and the resulting change
in total coronary flow from baseline (120/60 mmHg), effective orifice area (EOA), and left ventricular (LV) workload, with
each combination, was assessed. In addition, particle image velocimetry was used to assess the Laplacian of pressure (V2P)
in the sinus, coronary and main flow velocities, the energy dissipation rate (EDR) in the sinus and the LV workload.
Results This study shows that under an elevated SBP, there is an increase in the total coronary flow, EOA, LV workload, peak
velocities downstream of the valve, V2P, and EDR. With an elevated DBP, there was an increase in the total coronary flow
and V2P. However, EOA and LV workload decreased with an increase in DBP, and EDR increased with a decrease in DBP.
Conclusions Blood pressure alters the hemodynamics in the sinus and downstream flow following aortic valve replacement,
potentially influencing outcomes in some patients.

Keywords Hypertension - Particle image velocimetry - Coronary flow - Transcatheter aortic valve replacement - Surgical
aortic valve replacement
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recommended treatments for clinically significant aortic
stenosis.

Immediately after SAVR and TAVR, patients often
experience changes in blood pressure that may be clini-
cally consequential [2]. Lindman et al. have shown that
patients with elevated blood pressures after TAVR and
SAVR had better outcomes and improved survival rates
[3]. In contrast, lower blood pressures after valve replace-
ment (< 120/60 mmHg) were associated with increased
all-cause and cardiovascular mortality [3]. There is cur-
rently no specific guidance for blood pressure regula-
tion after aortic valve replacement. These observations
prompt efforts to understand how alterations in blood
pressure after valve replacement may be related to clini-
cal outcomes.

Studies have quantified and documented changes in sinus
and coronary flow dynamics after aortic valve replacement
(AVR) [4-10], but not with varying blood pressures. Addi-
tionally, controlled systematic studies to better understand
the ventriculo-aortic-arterial interactions in the setting of
AVR and different blood pressures, are limited. The addi-
tion of these studies may shed light on the interrelationships
between these observations and provide a characterization of
what the hemodynamic environment undergoes under these
conditions. We have previously investigated flow dynamics
in the sinus and downstream of the valve after AVR at dif-
ferent blood pressure conditions [11-13]. However, a com-
plete understanding of the blood pressure effect on sinus
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and epicardial coronary flow dynamics after AVR has not
been performed.

In this study, we aim to investigate the effect of changing
systolic and diastolic blood pressures (SBP and DBP, respec-
tively) on sinus flow, valvular and epicardial coronary flow
dynamics and energetics after TAVR and SAVR.

Methods
Hemodynamic Assessment

A 25 mm Magna surgical aortic valve (SAV) and an
uncrimped 26 mm SAPIEN 3 transcatheter aortic valve
(TAV), were deployed in an aortic root chamber of a pulse
duplicating left heart flow loop simulator [10, 13, 14]. The
simulator (Fig. 1) consisted of a fluid reservoir for the blood
analog (water-glycerin, 60—40% in volume), a mechanical
mitral valve separating the fluid reservoir and pump, a pump
controlled by an in-house LabVIEW (National Instruments,
TX, USA) program, a rigid idealized aortic root model, a
compliance chamber to simulate arterial distensibility, a gate
valve to control the aortic flow, a pinch valve to control the
total coronary flow, and ultrasound clamp-on flow rate sen-
sors (Transonic, NY, USA) to measure the flows before the
valve and in the total coronary branch. Details on the aortic
root chamber can be found in a previous publication [15] and
in Supplementary Figure 1. Out of the aortic chamber sinus,

[ )
~

COMPLIANCE I

| S~

CHAMBER AORTIC
PRESSURE TAP

~

LEFT VENTRICULAR
PRESSURE TAP

Fig.1 Schematic diagram showing the left heart simulator experimental setup and the regions of interest for both valves. A =coronary;
B =sinus; C=downstream of the valve. The arrows indicate the direction of flow.
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we extended a connection that represented the total coronary
branch. The cardiac output was 5 L/min, and a heart rate of
60 bpm was used. The total coronary flow was calculated
to be 4-5% of the cardiac output resulting in an average
total coronary flow range between 200 and 250 mL/min. The
average coronary flow was calibrated within these physi-
ological limits at 120/60 mmHg by controlling the resist-
ance of the total coronary circuit at the start of the experi-
ment. After the baseline physiological coronary condition
was achieved, the total coronary flow was left to vary as the
SBPs (100, 120, 160 mmHg) and DBPs (40, 60, 90 mmHg)
were changed. This procedure was chosen so that only the
effect of the different blood pressure combinations on the
total coronary flow were assessed. The aortic and ventricular
pressures were measured throughout each cardiac cycle with
Millar catheters (ADinstruments, CO, USA). A total of fifty
consecutive cardiac cycles of pressure and flow rate data
were recorded at a sampling rate of 100 Hz. Ensemble aver-
aged waveforms of aortic pressure for all the blood pressure
conditions are shown in Supplementary Figure 2.

The effective orifice area (EOA) was computed using
Gorlin's equation [16] as follows:

0,ns(2)

EOA = . 6]
51.64/AP(mmHg)
Where Q.. is the root mean square value of the flow rate

and AP is the average transvalvular pressure gradient defined
as the average of the positive pressure difference between the
ventricular and aortic pressure curves during forward flow.
The Gorlin equation is used to evaluate valve performance
by relating valve area to blood flow and pressure. The effec-
tive orifice area is the net area of the vena contracta and is a
well-established measure of prosthetic heart valve efficiency
[17]. A higher EOA is considered better because a larger
area is available for the fluid to pass through.

The left ventricular workload was calculated for each case
based on the following equation:

T
W = [ P)dV(2). 2)
0

Where P(¢) and V(¢) are the instantaneous pressure and
volume, respectively, and 7 is the length of time for a single
cardiac cycle.

Particle Image Velocimetry (PIV)

PIV was used to extract the flow properties downstream of
the valve and at the entrance of the total coronary branch
for each blood pressure condition. Rhodamine B parti-
cles with an average size of 10 pm were seeded into the
blood analog, the aforementioned regions of interest were

illuminated using a laser sheet created by a pulsed Nd: YLF
single cavity diode pumped solid state laser coupled with
external spherical and cylindrical lenses while acquiring
high-speed images of the fluoresced particles’ displacement
and movement. Time-resolved PIV images were acquired
at a temporal resolution of 4000 Hz. Refraction was cor-
rected using a calibration in DaVis PIV software (DaVis
10, LaVision Germany). Velocity vectors were calculated
in DaVis using advanced PIV cross-correlation approaches
with a 50% overlap multi-pass approach starting from one
32 x32-pixel interrogation followed by two 16 X 16-pixel
interrogation passes. Post processing was performed using
adaptive median filtering. This was performed like that of
other published works by our group [4-8, 18-20].

The Laplacian of the pressure (V2P) through the Poisson
equation for pressure was computed as follows:

S (5 58)=(5) ()
—(—=+=)=l=—) +2 +1 =) .
p \0x2  0y? ox ay
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Where p is the density in Kg/m?, P the pressure in Pa, V,
and V| are the x and y components of the velocity vector in
m/s. The x and y directions are axial and lateral respectively.
The Laplacian of the pressure is the divergence of the gradi-
ent of the pressure field, and its physical significance is in
its ability to help identify the changes in the pressure field
[21]. Through V2P, the difference of the field value from the
surrounding regions of the sinus can be assessed.

The energy dissipation rate (EDR) per unit volume in the
sinus was computed using the method described by Okafor
et al. and Hatoum et al. [22, 23]. The equation used is as
follows:

() () (8- ()]

Where p is the viscosity with a value of 3.5¢cP, and V, and
V, are the x and y components of the velocity vector in m/s.

av, ov,
dy ox

Results
Coronary Flow

The total coronary flow waveforms for each valve and blood
pressure combination are shown in Figure 2. In all cases, ele-
vated SBP and DBP resulted in a higher total coronary flow.
As SBP increased from 100 to 160 mmHg, the total coro-
nary flow for the SAPIEN increased from 203.87 +29.75 to
255.9+63.14 mL/min (p <0.0001) and the Magna increased
from 201.73 +63.13 to 287.32+68.16 mL/min (p <0.0001).
As DBP increased from 40 to 90 mmHg, the total coronary
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Fig.2 Ensemble averaged coronary flow variations versus time for the SAPIEN 3 and the Magna under different combinations of SBP (top) and

DBP (bottom).

flow for the SAPIEN increased from 192.33 +59.07 to
254.24 £ 18.74 mL/min (p <0.0001) and the Magna
increased from 201.73 +63.13 to 275.18 +£20.15 mL/min
(p<0.0001). The waveforms’ slope at the rise and decay seg-
ments were different depending on the pressure. With both
valves, as SBP increased from 100 to 160 mmHg, a higher
systolic slope and a higher diastolic peak was observed. In
addition, as DBP increased from 40 to 90 mmHg, the rising
systolic slope decreased, and the diastolic peaks were com-
parable for each pressure.

Hemodynamic Parameters

The EOA of each valve at each blood pressure combina-
tion is shown in Figure 3. The variation in EOA did not
exceed 0.35 cm? between blood pressure conditions. As
SBP increased from 100 to 160 mmHg, the SAPIEN 3 EOA
increased from 1.88+0.03 to 1.98 +0.02 cm? (p <0.0001)

@ Springer

and the Magna increased from 2.35+0.03 to 2.56 + 0.04
cm? (p <0.0001).

As DBP increased from 40 to 90 mmHg, the SAPIEN 3
EOA decreased from 1.91 +0.03 to 1.90+0.04 cm? (p=1.0)
and the Magna decreased from 2.61 +0.03 to 2.26 +0.03
cm? (p <0.0001) with the Magna.

Velocity Downstream of the Valve
and at the Intersection of the Coronary Ostium
and the Sinus

The variation of velocity downstream of the valve versus
time is shown in Fig. 4 (measurement was taken at 1.5 mm
from the STJ limit for both valves). While the changes in
velocity magnitudes were not significant between the differ-
ent cases when SBP increased, the higher the SBP the higher
the fluctuations were found. Velocities specifically during
acceleration were lower with an increase in SBP for both
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Fig.3 Average EOA for the SAPIEN 3 and Magna valves for each of the different blood pressure conditions. The error bars represent the stand-
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Fig.4 Variations of the instantaneous velocity downstream of the SAPIEN 3 and Magna under different combinations of SBP (top) and DBP

(bottom).
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valves, however the peak was higher. The increase in DBP
led to an increase in peak velocity, however, during accelera-
tion, the higher DBP was associated with lower velocities.
Fluctuations during deceleration were more obvious with
the SAPIEN 3.

The variation of velocity at the coronary entrance is
shown in Figs 5 and 6. The flow velocity at the coronary
entrance shows larger fluctuations at the highest SBP and
DBP.

Laplacian of Pressure (V2P) in the Sinus

With changing aortic blood pressure, it is important to
assess the changes in the sinus pressure. Contour plots for
the Laplacian of pressure for both valves and the different
pressure combinations are shown in Figs 7 and 8.

As SBP increased from 100 to 160 mmHg, both valves
had an area increase of the V2P. A similar trend was
observed when increasing DBP from 40 to 90 mmHg. The
coronary entrance was one of the main regions in the sinus
where V2P was most pronounced and more negative than the
surrounding regions.

Energy Dissipation Rate

EDR results for both valves and each pressure combination
are shown in Fig. 9. An increase in SBP generally resulted

-
o

-

o

in an increase in EDR. However, an increase in DBP was
associated with a decrease in EDR.

Left Ventricular Workload

LV workload for each blood pressure combination and
valve is shown in Fig. 10. An increase in workload was
observed for both valves with an increase in SBP. As SBP
increased from 100 to 160 mmHg, the SAPIEN 3 LV work-
load increased from 0.37+0.01 to 0.95+0.02J (p <0.0001)
and the Magna increased from 0.42 +0.02 to 0.947 +0.03 J
(»<0.0001).

An increase in DBP had the opposite effect on workload.
As DBP increased from 40 to 90 mmHg, the SAPIEN 3
LV workload decreased from 0.73 +0.02 to 0.32+0.01 J
(p<0.0001) and the Magna decreased from 0.69 +0.02 to
0.51+0.017J (»p<0.0001).

Discussion

This study aimed to provide a detailed assessment of the
effect of changing SBP and DBP on valve and coronary
hemodynamics after AVR with a TAV SAPIEN 3 and a SAV
Magna. It is important to understand how SBP and DBP
affect valvular energetics and the resulting epicardial coro-
nary flow in relation to alterations of the pressure.
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Fig. 7 Laplacian of pressure contours in the sinus and the coronary entrance in the presence of a SAPIEN 3.

The results obtained in this study showed that the rise and
decay of the coronary flow waveforms were different as DBP
changed. A decrease in DBP led to sharper rise and decay
of the coronary flow waveform, with significantly lower
mean flow. These results can be explained through the role
of DBP in coronary perfusion. Generally, physiologically
low DBP has been associated with myocardial ischemia [24,

25] and is a key factor in coronary perfusion pressure (CPP;

Equation 5).
CPP = DBP — LVEDP

&)

Where LVEDP is the left ventricular end diastolic pres-

sure. At the coronary entrance in all the cases, a more neg-
ative V2P was observed at the ostium indicating a lower
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pressure in this region compared with the surroundings as
SBP and DBP increased. As previously mentioned, evalu-
ating V2P in the sinus provides information on how dif-
ferent the field value (pressure) is with respect to the sur-
rounding. Therefore, from the results, it seems that as SBP
and DBP increase, the flow is encouraged (sink effect) to
enter the coronary due to the much lower pressure at the
entrance. These results are the same as what was conjec-
tured by Lindman et al. [3]

An increase in SBP led to a significant upward shift
in the coronary flow curve, with a clear increase in mean
coronary flow. Additionally, the rise and decay of the wave-
forms were almost parallel. Within the aortic pressure
waveform, SBP occurs due to the stretch that large arteries
undergo to accommodate the systolic ejection volume. As
SBP increases, the metabolic demands of the myocardium
increase, leading to a potential increase in the coronary flow
[26].

The results of this study showed that SBP and DBP
had a minor effect on EOA from a clinical standpoint. In
a clinical study by Kadem et al. [27], it was shown that an
increase in SBP may result in an increase of the leaflets
opening and thus the EOA. The DBP may not provide a
significant change in EOA given that the valve is closed
and the pressure in the heart is at rest rather than a state of
active pumping.

The velocity results showed that as DBP increased from
40 to 90 mmHg, the velocity downstream of the aortic
valve was higher during systole. Although this velocity
is downstream from the valve, the modified Bernoulli
equation, if applied, would yield elevated transvalvular
pressure gradients with higher velocities and therefore
lower EOAs. This being said, the results showed that peak

velocities were not very different at 160/60 mmHg com-
pared to 100/60 mmHg, and the EOA was higher with
the 160/60 mmHg case. This result is consistent with
what would be expected despite the more apparent vig-
orous fluctuations in velocity at the more elevated blood
pressures.

Energy dissipation is the result of fluid instabilities, mix-
ing, in addition to transfer of momentum and kinetic energy
to the smaller scales in the flow where it is ultimately con-
verted to heat through viscosity [22]. This study showed
that with an increasing SBP, energy dissipation increases.
In a previous study by our team [11], we demonstrated that
an increase in SBP leads to significant increase in velocity,
vorticity, and vorticity fluctuations within the sinus. This
can lead to increased mixing and instabilities, resulting in
elevated energy dissipation [22, 28]. The SAPIEN 3 was
characterized with more elevated energy dissipation, likely
due to the inherent valve design differences (presence of the
stent) in addition to a smaller EOA [9, 15]. We then found
in this study that a decrease in DBP led to an increase in
energy dissipation. A decreasing DBP is associated with an
elevated workload [29] and energy consumption, leading to
inefficient energy use and increased dissipation.

Another way to interpret these results would be to con-
sider the change in pulse pressure (difference between sys-
tolic and diastolic blood pressures). A wider pulse pressure
led to an increase in energy dissipation and LV workload.
Generally, a wide pulse pressure is an indicator of vascular
stiffening and reduction in compliance, in addition to a sign
that the ventricle is working harder to pump blood into the
aorta [30]. This typically leads to a compromised ability to
store and gradually release energy, which leads to more dis-
sipation and increased LV workload.
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Clinical Implications of High vs. low SBP and High vs.
Low DBP

Our study documented the mechanical changes on the flow
in the sinus, downstream the aortic valve, and within the
immediate coronary artery. These changes help in under-
standing several relationships that are relevant to disease
progression such as leaflet thrombosis after valve replace-
ment and myocardial infarctions. Several groups have
observed positive outcomes in patients who developed a
high SBP following AVR [3, 31-33].

Ischemic stroke rates have been reported to be lower
for these patients [34]. In a previous study by our group,
we found that the guideline pressure of 120/60 mmHg in a
patient with near total occlusion of the right coronary artery,
resulted in reduced epicardial coronary flow compared to
a hypertensive condition, which may have been the cause
of myocardial ischemia[12]. In this study, we showed that
elevated SBP and DBP were associated with an overall
higher total coronary flow. In addition, the area of negative
V2P increased with an increase in pressure, especially for
an increase in DBP. Again, this result indicates the encour-
agement of flow from the sinus into the coronary, which
translates to a potentially higher total coronary flow. Hyper-
tension may potentially alter energy dissipation and act as an
indicator for a patient’s health [35]. We found differences in
the EDR with changing SBP and DBP, generally wider pulse
pressures had a higher EDR. However, it is still unclear
whether this indicates a worse outcome for the patient in the
long term. Further studies are needed to better understand
the relationship between energy dissipation in the aortic
root and blood pressure. Outcomes after 1 year for TAVR
patients with elevated blood pressures compared to the gen-
eral population, have been mostly positive [3, 31]. Although,
these outcomes are positive [3, 31], it is still unclear how
prolonged or chronic hypertension will affect these patients.
A potential long-term issue would be the development of
hypertrophy due to the increased demand on the LV [36].
In this study, we observed an increase in LV workload with
an increase in pulse pressure. The strategy for these patients
moving forward may be to find an optimal balance between
a blood pressure that sufficiently meets the flow demands of
the heart while also minimizing LV workload.

Hypoattenuating leaflet thickening (HALT) has been
observed following AVR. It is still unclear whether HALT
contributes to valve hemodynamic deterioration (VHD)
[37-43], but when VHD occurs in bioprosthetic valves, it
has important consequences for valve efficiency. A degen-
erated valve is less efficient which can be characterized
by a higher EDR. We have previously shown that elevated
blood pressures may encourage calcification of the bio-
prosthetic valve via increased velocities, vorticity, and
shear stress near the leaflets[11], which can also alter the
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performance and efficiency of the valve. Studies have also
shown that elevated pressures affect the interstitial cells of
the valve leaflets, potentially promoting valve disease [44,
45]. Both systolic and diastolic blood pressures were asso-
ciated with measures of left ventricular hypertrophy [46].
The subsequent higher forces exerted on the valve leaflets
can lead to structural fatigue and eventually tearing of the
leaflets [47]. More studies are needed to fully understand
the relationship between higher aortic pressures and VHD.
A valve with reduced leaflet motion can alter the sinus
flow dynamics [18, 48] which may lead to changes in the
epicardial coronary flow.

Limitations

This study had several limitations. First, the aortic root
chamber used is rigid. Nevertheless, in our flow simulator,
a compliance chamber is placed downstream of the aortic
valve to emulate arterial distensibility. Second, our in-vitro
setup is not an appropriate system to represent coronary
microcirculation, however, it can accurately represent and
allow us to extract epicardial coronary flow waveforms.
Third, our aortic root chamber does not have a material rep-
resenting the native leaflets that would be typically present
after TAVR.

Conclusions

In summary, this study assessed the impact of varying sys-
tolic and diastolic blood pressures on valvular hemodynamic
parameters and the variations of the epicardial coronary flow
after aortic valve replacement in the presence of SAPIEN
3 and Magna valves. The study showed that SBP and DBP
variations affect the valve’s EOA and velocity downstream.
In addition, the results showed that SBP and DBP affect the
coronary waveforms differently and lead to different patterns
of pressure in the coronary sinus and different intensities of
fluctuations in velocity at the coronary ostium. More energy
dissipation was seen with more elevated pulse pressure. To
fully understand the complicated relationship between blood
pressure and the flow dynamic environment after aortic valve
replacement, we believe that controlled animal studies would
give a more comprehensive overview of these interactions by
assessing the full preload and afterload parameters.
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