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Abstract

Objective: The objective was to design and evaluate a clinically relevant, novel ex vivo bicuspid
aortic valve model that mimics the most common human phenotype with associated aortic
regurgitation.

Methods: Three bovine aortic valves were mounted asymmetrically in a previously validated
3D-printed left heart simulator. The non-right commissure and the non-left commissure were both
shifted slightly towards the left-right commissure, and the left and right coronary cusps were
sewn together. The left-right commissure was then detached and re-implanted 10 mm lower than
its native height. Free margin shortening was used for valve repair. Hemodynamics, high-speed
videography, and echocardiography data were collected before and after the repair.

Results: The bicuspid aortic valve model was successfully produced and repaired. High-speed
videography confirmed prolapse of the fused cusp of the baseline bicuspid aortic valve models

in diastole. Hemodynamics and pressure data confirmed simulation of physiologic diseased
conditions with aortic regurgitation and the subsequent success of repair. Regurgitant fraction
post-repair was significantly reduced compared to that at baseline (28.6+3.4% versus 14.5+4.4%,
p=.037). There was no change in peak velocity, peak gradient, or mean gradient across the

valve pre- vs. post-repair: 292+18.3cm/s versus 325.3+£58.2cm/s (p=.29), 34.3+4.2mmHg versus
43.3+15.4mmHg (p=.30), and 11+1mmHg versus 9.3+2.5 mmHg (p=.34), respectively.

Conclusions: An ex vivobicuspid aortic valve model was successfully designed and
recapitulated the most common human phenotype with aortic regurgitation. These valves were
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successfully repaired, confirming its potential for evaluating valve hemodynamics and optimizing
surgical repair for bicuspid aortic valves.

CENTRAL MESSAGE

A regurgitant bicuspid aortic valve model recapitulates the most common human phenotype,
providing a key avenue for repair analysis.

INTRODUCTION

Bicuspid aortic valve (BAV) is one of the most common congenital defects with an
estimated prevalence of 0.5% to 2%%2. The morphology of BAV varies depending on

the cusp fusion pattern and the presence of raphe3. The left-right cusp fusion pattern is

the most common phenotype, encompassing 71% of BAV leaflet patterns3. Typically, the
surface area of the two leaflets are unequal, and the free edge of the fused cusp usually
exceeds that of the nonfused cusp?. Additionally, as the commissural orientation is altered
from a symmetrical to a non-symmetrical configuration, the fusion length decreases and the
non-functional commissure height increases®. Both factors contribute to aortic regurgitation
(AR) due to prolapse of the fused cusp. BAV repair primarily consists of correcting the
prolapse of the fused cusp®-8. Some of the techniques frequently employed to repair BAV
with AR include: raphe resection, leaflet plication, free margin shortening, and pledgeted
commissuroplasty®-10. Valve-sparing root replacement has also been utilized recently to
address AR due to annular dilation>~11, However, increased systolic gradients have been
observed after BAV repairst112, and the repair durability of BAV is unclear.

EX vivo heart simulators enable investigation of valvular biomechanics in a controlled
environment. Previous studies have demonstrated their ability and advantage in evaluating
various valvular dysfunctions, surgical repair techniques and surgical device innovation3-16,
Although a number of aortic valve surgical repair techniques have been described and

are currently being used clinically, there is a paucity of hemodynamic evaluation of these
techniques®-810-12, Fyrthermore, a valid, clinically relevant BAV model that closely mimics
the most common human BAV phenotype with AR is needed to investigate valvular
hemodynamics before and after repair. In this study, we describe a novel BAV model with a
left-right cusp fusion pattern and associated AR using explanted bovine aortic valve secured
in a porcine-sized aortic mount. We subsequently examine the repair of our model to explore
the efficacy of such a model to optimizing surgical techniques. The development of this
model will enable us to perform thorough quantitative evaluation of the characteristics,
hemodynamics and repair techniques for the most common phenotype of human BAYV, thus
having a significant potential impact on current clinical practice and providing an avenue for
the development of new hemodynamically optimal surgical repair techniques.

METHODS
Model Design

Bovine hearts (n=3) explanted from cows weighing between 300 and 700 Ibs were obtained
from a meat abattoir. Aortic valves were carefully explanted to preserve the annulus,
leaflets, left and right coronary arteries, and the ascending aorta. The distal left ventricular
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outflow tract was mounted asymmetrically to a porcine-sized elastomeric sewing ring

on a 3D-printed conduit mount using a running 4-0 polypropylene suture, such that the
non-right commissure and the non-left commissure were both shifted slightly towards the
left-right commissure, resulting in a 140-160° angle for the non-coronary cusp (Figure

1A). Next, the left and right coronary cusps were “fused” together using a running CV-6
polytetrafluoroethylene (PTFE) suture (Gore-Tex® Suture, WL Gore & Associates Inc.,
Flagstaff, Arizona). To fully imitate the geometry of a human BAV with left-right cusp
fusion, the height of the left-right commissure from the level of the aortic annulus was
measured. This commissure was then carefully detached. A small portion of the two cusps
supported by this commissure was also carefully detached from the annulus to allow for
commissural manipulation. The commissure was then re-implanted 10 mm below the native
height. (Figure 1B) The base of the detached aortic cusps was re-anastomosed to the aortic
annulus using a running 6-0 polypropylene suture. Lastly, to reduce the ascending aorta
diameter to fit the porcine-sized outflow mount and to translate the aortic wall tissue

to reflect asymmetric commissure positioning, a wedge of ascending aortic wall tissue

was resected above the left-right commissure (Figure 1C). The residual aortic wall tissues
were re-anastomosed together using a running 4-0 polypropylene suture (Figure 1D). The
valves were subsequently repaired using free margin shortening technique using CV-6 PFTE
sutures. The step-by-step demonstration of the model generation is shown in Supplementary
Figure 1.

To assess the BAV model in comparison to normal valves, 3 porcine control aortic valves
were explanted from hearts obtained from a meat abattoir and mounted onto the conduit in a
symmetrical fashion without any additional modification.

Left Heart Simulator

To quantitatively analyze the efficacy of our model as well as examine the repair, we used
our custom left heart simulator that has been previously described in detail (Supplementary
Figure 2)17-19, The simulator features a programmable pulsatile linear piston pump
(ViVitro Superpump, ViVitro Labs, Victoria, BC, Canada) and a viscoelastic impedance
adapter (ViVitro) that generates a physiologic ventricular waveform. The viscoelastic
impedance adaptor is comprised of two compliance chambers and a fixed resistance
element (200 dyne-s/cm®). The circuit additionally contains a separate aortic compliance
chamber (maximum air volume of 940 ml) and an adjustable peripheral resistance. With
the pump stroke volume set to 110 mL, the compliance and peripheral resistance were
titrated to generate physiologic systolic and diastolic arterial pressures. We utilized pressure
transducers (Utah Medical Products Inc., Midvale, Utah) and electromagnetic flow probes
(Carolina Medical Electronics, East Bend, North Carolina) to record aortic, left ventricular,
and left atrial pressure and flow throughout a complete cardiac cycle. The simulator was
calibrated using a mechanical aortic valve to ensure the pump was set to generate an
effective stroke volume of 70 mL at 70 beats per minute. The hemodynamics data was
collected and averaged across ten cycles at each stage of testing. To evaluate leaflet
morphology and motion, high-speed videography was obtained with an en face view at 1057
frames per second with 1280x1024 resolution (Chronos 1.4, Kron Technologies, Burnaby,
British Columbia, Canada).
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Echocardiography Measurements

A Phillips iE33 system with an X7-2T transesophageal and S5-1 transthoracic

probe (Koninklijke Philips NV, Amsterdam, The Netherlands) was used to obtain
echocardiographic data with short- and long-axis views and color flow mappings.
Continuous-wave doppler was also obtained. Data analysis was performed using the

iE33 on-board software and a Siemens Syngo Dynamics workstation (Siemens Medical
Solutions USA, Inc., Ann Arbor, MI). Images and calculations were reviewed by a pediatric
cardiologist.

Statistical Analysis

Based on our previous studies, to detect a 15% difference in mean regurgitant fraction with
an estimated variance of 16, power of 80%, and confidence interval of 95%, a sample size
of 2 is required. To ensure adequate power for the study, a sample size of 3 was chosen.
Variance of each group was assessed using the F-test. A two-sampled paired t-test was
performed to compare baseline BAV to post-repair BAV, while independent t-tests were
performed to compare control to baseline BAV and to post-repair BAV. Continuous variables
are reported as mean =+ standard deviation. Statistical significance was defined at p<0.05 for
all tests. Approval by the Institutional Animal Care and Use Committee was not indicated
for this study as the hearts were purchased from a meat abattoir.

RESULTS

Baseline BAV Model

Our novel BAV model closely simulated the human BAV pathology with left-right cusp
fusion and prolapse, resulting in AR. The non-coronary cusp spanned an average angle of
149+9°. Figure 2A presents a representative example of our BAV disease model during
diastole with prolapse of the fused cusp and a regurgitant fraction of 32.5%. Our BAV model
consistently produced left-right fused cusp prolapse with an average regurgitant fraction

of 28.6+3.4%, significantly higher than that from the controls (9.3+2.3%, p=.0002). Mean
aortic flow tracings and pressure tracings of the BAV model are shown in Figure 3A and

3B, with shaded regions representing standard deviation. AR was confirmed in our model
from the mean aortic flow tracings, as evidenced by the flow reversal observed in diastole.
Mean arterial pressure measured for our BAV model was 81.1+1.2mmHg with a diastolic
pressure of 61.7+2.1mmHg and a systolic pressure of 104.2+0.9mmHg. Hemodynamics data
are shown in Table 1.

The high-speed videography demonstrated restricted leaflet motion of the fused cusp during
systole and prolapse of the fused cusp during diastole (Supplemental Material Video

1, Video 2). Echocardiographic images similarly showed moderate AR with eccentric,
posteriorly directed jets in our BAV model (Figure 4A, Supplemental Material Video 3).
The aortic valve leaflets were restricted and domed in systole.

BAV Model After Repair

Free margin shortening was the primary technique utilized to repair the prolapsed
fused cusp. Figure 2B presents a representative example of the same BAV disease
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model illustrated in Figure 2A after repair during diastole with a regurgitant fraction of
16.7%. After repair, the regurgitant fraction was significantly reduced (28.6+3.4% versus
14.5+4.4%, p=.037). The regurgitant fractions for the repaired BAVs were similar to those
for the controls (14.5+4.4% versus 9.3+£2.3%, p=.17). Mean aortic flow tracings of repaired
BAV models demonstrated no flow reversal in diastole (Figure 3A). Aortic pressure tracings
(Figure 3B) also demonstrated increased pressures throughout the cardiac cycle compared to
the baseline measurements with a mean arterial pressure of 94.3+1.6 versus 81.1+1.2mmHg
(0=0.009), diastolic pressure of 76.3+3.6 versus 61.7+2.1mmHg (p=0.03), and systolic
pressure of 119.1+1.1 versus 104.2+0.9mmHg (p=0.003), respectively. Hemodynamics data
post-repair are shown in Table 1.

The high-speed videography of the repaired valves demonstrated restricted leaflet motion
of the fused cusp during systole but adequate coaptation of the cusps during diastole
(Supplemental Material Video 4, Video 5). Echocardiographic images similarly showed
no significant AR, although aortic leaflets were still restricted and doming in systole
(Figure 4B, Supplemental Material Video 6). Each of the following metrics were similar
when comparing repaired BAV versus baseline BAV, control versus baseline BAV, and
control versus repaired BAV: peak aortic jet velocity (325+58.2 versus 293.3+18.3 cm/s,
p=0.29; 363.7+£52.5 versus 293.3+£18.3 cm/s, p=.09; 363.7+52.5 versus 325+58.2 cm/s,
p=.44), peak instantaneous systolic gradient (43.3+15.4 versus 34.3+4.2 mmHg, p=0.30;
54.0£15.9 versus 34.3+4.2 mmHg, p=.11; 54.0+15.9 versus 43.3+15.4 mmHg, p=.45) and
mean gradient (9.3£2.5 versus 11.0£1.0 mmHg, p=0.34; 9.7+£3.8 versus 11.0£1.0 mmHg,
p=.59; 9.7£3.8 versus 9.3+2.5 mmHg, p=.91).

DISCUSSION

In this study, we successfully developed a clinically relevant ex vivo BAV model with
left-right cusp fusion and AR to reproduce the most prevalent phenotype of human BAV
with prolapse of the fused cusp (Figure 5). This model was achieved by mounting the
commissures asymmetrically, lowering the commissure between the fused cusps, relieving
the rotational tension in the ascending aorta, and fusing the left and right coronary cusps.
AR was confirmed through hemodynamics data and echocardiographic measurements. This
model was also repairable, as evidenced by hemodynamics and echocardiographic data,
demonstrating its potential in the evaluation of BAV surgical repair techniques.

Traditionally, porcine aortic valves are selected as a human analog due to the similarities in
size and anatomy to human aortic valves2%:21, However, porcine aortic valves were found to
be unsuitable for this study due to the lack of redundant tissue that is needed to successfully
manipulate the cusp tissue. Small bovine aortic valves, on the other hand, provide additional
tissue that mimic the chronic adaptation of aortic cusps in the setting of AR, allowing us

to generate adequate cusp prolapse22, Additionally, porcine aortic cusps are much thinner
compared to those of humans, whereas bovine aortic cusps are similar in thickness compared
to those of humans2324, The appropriate aortic cusp thickness in our BAV model is crucial
in the valve’s tolerability of tissue manipulation and repair.
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Our model is unique in that it very closely mimics the most common human BAV valve
morphology associated with AR without echocardiographic evidence of aortic stenosis
compared to normal control valves. A contemporary study reported an ex vivo porcine
model of BAV that was generated by bicuspidization of the left and right coronary cusps and
the left and non-coronary cusps using running sutures?®. However, this model did not fully
capture the detailed differences between a BAV compared to a trileaflet aortic valve besides
fused cusps. Previous studies have published different BAV classifications3->. The Sievers
classification is one of the most commonly used BAV classifications3. Type | BAV with left-
right coronary cusp fusion was noted to be the most prevalent morphology3. de Kerchove

et al. recently demonstrated variabilities in repairable BAV phenotypes and illustrated

that besides the six Sievers BAV morphologies, the BAV phenotypes follow a continuous
spectrum that extends from symmetrical to very asymmetrical BAV with variations in
commissural orientation, length of fusion and non-functional commissure height®. Our novel
BAV model recapitulates the most common phenotype, Sievers type | BAV, and also mimics
the type B asymmetric BAV phenotype as described by de Kerchove et al. with similar
commissural orientation and height difference between the non-functional commissure and
the other commissures®. It is also worth mentioning that the type B asymmetric BAV
described by de Kerchove et al. has the highest likelihood to present with moderate to severe
AR, likely due to unequal cusp surface area and uneven commissural height leading to
inadequate coaptation area3->. The capability to generate AR with our novel BAV model is
crucial to the future application of our disease model for the evaluation of surgical repair
techniques for BAV. We have also observed varied degrees of AR generated using different
commissural locations in terms of suspension height and the angle of the non-coronary
cusp, suggesting the importance of commissural position in maintaining leaflet functionality.
Moreover, the AR associated with our BAV model was validated by echocardiography, the
most clinically relevant modality. This can further enable the easy translation of our findings
to clinical practice.

Aortic valve repair techniques have evolved in the modern era and have included the
development of a systematic approach to BAV repairl®.26.:27 | ong-term durability of BAV
repair, however, was found to be likely influenced by leaflet geometry which can induce a
varied level of aortic wall stress28-30, Some have advocated the conversion of the Sievers
type | to a type 0 morphology in BAV repair using techniques such as raphe resection,
annular detachment, enlargement, reinforcement, and translocation in order to achieve
superior aortic wall stress levels31:32, However, it is important to note that the repair
techniques utilized for different BAV morphology may vary significantly®. Utilization of

a “standard” BAV repair technique without considering the leaflet morphology may result

in increased stress in the repaired leaflet, resulting in early repair failure33:34, In this study,
we demonstrated that by using free margin shortening, successful repair can be performed.
Although a small residual regurgitant fraction was detected after repair, this is comparable to
the regurgitant fraction of normal control valves and reflects the backward aortic flow during
early diastole. Our control regurgitant fraction is consistent with results from previous
studies using phase contrast velocity mapping3®. Additionally, there was no statistically
significant increase in peak velocity, peak gradient, or mean gradient across the valve after
repair compared to normal control valves. This study is a precursor of comprehensive repair
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technique evaluation using an ex vivo model. Further trials are needed to explore the clinical
impact of various repair techniques for different BAV phenotype to provide guidance in
surgical management.

Patient-specific computer simulation has gained recent interest and has shown potential in
assessing feasibility of intervention and understanding valvular pathologies3®. While these
tools have proven to be valuable in obtaining insights into valvular biomechanics, there are
key computational and methodological obstacles to obtaining a clinically relevant model
that would allow for accurate patient-specific simulation of a given repair technique36. In
contrast, our model provides direct measurement of hemodynamics data and allows for
visualization of valvular function in a pressurized environment throughout the cardiac cycle,
which is impossible to achieve in human. Additionally, our model system can also provide
direct assessment of all repair techniques in a randomized fashion, which would be unethical
and impractical to perform in human subjects.

One limitation of this model is the inability to fully simulate the degenerative state of BAV
that commonly occurs in patients with BAV needing repair or replacement. Additionally,
our model only recapitulated one BAV phenotype, whereas a spectrum of BAV morphology
exists. Further development of other BAV phenotypes is warranted to fully represent the
BAV disease state. This will also allow us to compare hemodynamic differences among

the spectrum of BAV morphology. Although our model could generate moderate AR,
severe AR has not been successfully produced. We suspect that the redundant tissue innate
in cow aortic valve prohibits severe cusp mal-alignment. Lastly, though this study only
evaluated the free margin shortening repair technique to validate model reparability, a more
comprehensive evaluation of all BAV repair techniques can be investigated to evaluate for
repair efficacy and the associated hemodynamic impacts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary of Abbreviations

BAV Bicuspid aortic valve

AR Aortic regurgitation
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PTFE Polytetrafluoroethylene
RMS Root mean square
SD Standard deviation
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PERSPECTIVE STATEMENT

We designed a clinically relevant, cross-species ex vivo bicuspid aortic valve model with
left-right cusp fusion. This model closely mimics the most prevalent human bicuspid
aortic valve phenotype with prolapse of the fused cusp. This model was also repairable,
demonstrating its potential in the evaluation of bicuspid aortic valve hemodynamics and
surgical repair techniques.
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Figure 1:
(A) En face illustration of the first steps of the bicuspid aortic valve (BAV) model design.

The non-right commissure and the non-left commissure were each shifted towards the
left-right commissure, resulting in a 140-160° angle for the non-coronary cusp. The left

and right coronary cusps were “fused” together with a running suture. (B) A side view
illustrating that the left-right commissure was carefully detached and re-implanted 10 mm
below the native height. (C) A wedge of ascending aortic wall tissue was resected above

the left-right commissure to translate the aortic wall tissue to reflect asymmetric commissure
positioning. (D) The residual aortic wall tissue was re-anastomosed together using a running
suture.

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2023 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhu et al.

Page 13
A Flow B Pressures
mr e BAV Model | L.~ | BAV Model Aortic — Repair Aortic
—— Repai 140 BAV Model Left Ventricular —— Repair Left Ventricular
600 [ B epair
' 120 |
500
200 | _ 100
% 80
@ 300 [ E
E 200 | 5 *
g 5
© 100 g 40
-100 of
-200 -20
-300 : : : : -40 : : : :
0 200 400 600 800 0 200 400 600 800
Time [ms] Time [ms]
Figure 2:

(A) Baseline bicuspid aortic valve (BAV) model mounted in a left heart simulator, pictured
in diastole. Note the prolapsed fused cusp. (B) The same BAV model in diastole after repair
using free margin shortening.
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Figure 3:
(A) Mean aortic flow confirmed the generation of aortic regurgitation in our bicuspid

aortic valve (BAV) model at baseline as evidenced by the flow reversal observed in

diastole. After repair, the regurgitant fraction was significantly reduced (28.6+£3.4% versus
14.5+£4.4%, p=.014). (B) Aortic pressure tracings demonstrated significantly lower pressures
throughout the cardiac cycle for the BAV model at baseline compared to after repair: mean
arterial pressure (81.1+1.2 versus 94.3+1.6mmHg, p<0.001), diastolic pressure (61.7+2.1
versus 76.3+3.6mmHg, p=0.007), and systolic pressure (104.2+0.9 versus 119.1+1.1mmHg,
p<0.001). Shaded regions represent standard deviation.
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Novel Bicuspid Aortic Valve Model with Aortic Regurgitation for Hemodynamics
Analysis Using an Ex Vivo Simulator
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Figure 4:
Echocardiography color flow mapping images in diastole reflecting (A) moderate aortic

regurgitation (AR) with an eccentric jet in a representative example of our bicuspid aortic
valve (BAV) model at baseline, and (B) significantly reduced AR after repair of the same
BAV model.

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2023 February 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhu et al.

Page 16

Figure 5:
Novel bicuspid aortic valve model successfully created with associated aortic regurgitation

for ex vivo hemodynamics analysis.
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140-160°

CENTRAL PICTURE LEGEND.
Novel bicuspid aortic valve model with prolapse of the fused cusp before and after repair.
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