Keynote Lecture Series

L))

Check for
updat

Back to the root: a large animal model of the Ross procedure
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The excellent clinical outcomes of the Ross procedure and previous histological studies suggest that the
pulmonary autograft has the potential to offer young patients a permanent solution to aortic valve disease.
We aim to study the early mechanobiological adaptation of the autograft. To this end, we have reviewed
relevant existing animal models, including the canine models which enabled Donald N Ross to perform
the first Ross procedure in a patient in 1967. Two research groups recently evaluated the isolated effect of
systemic pressures on pulmonary arterial tissue in an ovine model of a pulmonary artery interposition graft
in the descending aorta. While this model is ideal to study the artery’s biological response and the effect of
external support, it does not recreate the complex environment of the aortic root. The freestanding Ross
procedure has been performed in pigs and sheep before. These studies offered valuable insights into leaflet
growth and histological remodeling, yet may be less relevant to adults undergoing the Ross procedure, as
pronounced autograft dilatation was achieved by using small, rapidly growing animals. Therefore, a large
animal model remains needed to determine the ideal conditions and surgical technique to ensure long-
term autograft remodeling and valve function. We set out to develop an ovine model of the Ross procedure
performed as a freestanding root replacement, acknowledging that the sheep’s specific anatomy and the
setting of an animal laboratory would mandate several modifications in surgical strategy. This article

describes the development, surgical technique and early outcomes of our animal model while highlighting

opportunities for further research.
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Introduction

The search for a living aortic valve substitute was prompted
in the 1960’s by the limited durability and lack of growth
potential of aortic homografts, and by the thrombo-embolic
complications with the first prosthetic valves (1). Based on
canine feasibility experiments by the group of Shumway,
the Ross procedure was first performed in a patient in 1967
(2-4). Even nowadays, the Ross procedure offers the only
aortic valve substitute that can restore a patient’s long-
term survival and quality-of-life to that of a healthy, aged-
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matched population (5-7). Commonly voiced concerns
include a higher operative risk in low-volume centers, the
fear of complex reoperations on two valves and the risk
of pulmonary autograft dilatation when performed as a
freestanding root replacement (8).

The observation that many patients have a well-
functioning pulmonary autograft several decades after the
Ross procedure demonstrates the pulmonary root’s ability
to remodel when exposed to systemic conditions (9-13).

Nonetheless, optimal, patient-specific autograft geometry
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Table 1 Previous animal models relevant to the Ross procedure
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Model Study Year Animal Endpoints Follow-up
Pulmonary artery  Lower et al. (2) 1960 Dog Ability of the autograft to withstand Up to 12 months
interposition in the systemic circulation
d di rt
escending aorta Nappi et al. (21-24) 2014,2015,  Sheep Dilatation, tissue remodeling, composite 6 months
2016, 2016 external support, numerical simulation
Vanderveken, Vastmans, 2018,2018,  Sheep Dilatation, remodeling, mesh external 6 months
Famaey et al. (25-28) 2018, 2020 support, numerical simulation
Subcoronary Pillsbury et al. (3) 1966 Dog Feasibility of subcoronary implantation 12-14 months

technique or
freestanding root
replacement

Schoof et al. (29,30) 1998, 2000 Pig

Tudorache et al. (31) 2015

Sheep

Dilatation, cusp adaptation, histological 10 months
remodeling
Dilatation, valve function, histological 20 months

remodeling, cellular (re)population

and surgical technique that ensures long-term valve
competence is insufficiently understood. Prosthetic external
support is a commonly used strategy aimed at preventing
autograft dilatation. Yet, the effect on reoperation rate,
valve function and mechanical remodeling is uncertain (7).
Furthermore, opportunities to study well-remodeled
autograft leaflets have been limited, both in clinical and
experimental research.

As the pulmonary autograft has the potential to become
a permanent aortic valve substitute, a large animal model
remains necessary to address these remaining questions and
determine the ideal conditions for autograft remodeling.
This paper reviews existing animal models of the Ross
procedure and describes the development and technical
aspects of our ovine model of the freestanding Ross while
highlighting opportunities for further research.

Existing animal models of the Ross procedure

The use of large animals has been indispensable to the
development of cardiopulmonary bypass (CPB) and
contemporary surgical techniques (14). The group of
Shumway first evaluated the ability of the pulmonary root
to withstand the systemic circulation using a canine model
of pulmonary valve autotransplantation into the descending
aorta (2). After the technical feasibility of subcoronary
autograft implantation was later confirmed in dogs, Donald
N Ross reported the first clinical pulmonary autograft
procedure in 1967 (1,3,4). While the surgical technique of
mitral valve replacement using a pulmonary autograft has
also been evaluated in animal models, this is beyond the
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scope of this report (15,16).

Nowadays, sheep (Ovis aries) are the most commonly
used animal for preclinical evaluation of heart valve
substitutes, primarily because of the similarities in
cardiovascular anatomy and physiology to humans (17).
Furthermore, they are known for their rapid postoperative
recovery, ease of establishing vascular access, moderate
weight gain and docile nature, facilitating perioperative
care and follow-up investigations (18,19). As the ratio
between mean systemic and pulmonary arterial pressures
(75-100 mmHg and 15-17 mmHg in sheep, respectively)
in sheep is similar to that in humans, a comparable relative
increase in autograft diameter and wall stress can be
expected (19,20). While the cardiac biology of pigs and
dogs is more similar to that of humans, pigs are difficult to
handle and notorious for their challenging perioperative
management. Dogs, on the other hand, fell out of favor
due to moral concerns and protest by the anti-vivisectionist
movement (19).

An overview of previous animal models studying the
Ross procedure is shown in Table 1 and discussed in
Video 1. To evaluate the isolated effect of systemic pressures
on pulmonary arterial tissue, the authors have previously
implanted a segment of the main pulmonary artery in
the descending aorta of sheep, with and without external
support by a porous mesh (28). In a similar animal model,
Nappi ez al. investigated the effect of a composite, partially
resorbable external support on autograft dilatation and
histological adaptation, with promising results (21-24).
While these simplified animal models can be performed
without arresting the heart or even CPB, the pulmonary
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autograft is not exposed to the demanding hemodynamic
environment of the aortic root with its dynamic annulus,
unique flow pattern and longitudinal motion.

Only two other groups have performed the Ross
procedure as a freestanding root replacement and
published detailed results (29-31). In a porcine model
with an operative technique very akin to ours, Schoof et 4.
performed a detailed evaluation of autograft dilatation,
leaflet growth and histological remodeling in growing pigs
(29,30). While it must be commended that they performed
a freestanding Ross procedure in piglets with an average
weight of 25.4 kg, they were confronted with several of
the limitations of pigs. Due to the animals’ sensitivity to
stress and rapid weight gain to 143+37 kg (average = SD),
serial follow-up imaging was not performed. Furthermore,
multiple pigs developed right ventricular failure due to
progressive mismatch with the bioprosthesis or homograft
used to reconstruct the pulmonary root (29,30). In the
longest experimental evaluation of the pulmonary autograft
to date, Tudorache et 4/. compared the repopulation of
decellularized aortic and pulmonary homografts with the
cell distribution in pulmonary autografts after 20 months
in lambs with an average weight of 25 kg at operation (31).
The autograft remodeling observed in both of these studies
may, however, be less relevant to adult patients undergoing
the Ross procedure as pronounced dilatation was achieved
by using small, rapidly growing animals (29,31).

Designing an animal model of the Ross procedure
Study design

The primary goal of our underlying study was to evaluate
early adaptation mechanisms in the pulmonary autograft
which may influence long-term outcome. Therefore,
we set out to perform the Ross procedure as a total root
replacement with implantation of the autograft deep in the
aortic annulus (32). For all operations, the lead surgeon
was either FR or PV, who perform more than 25 Ross
procedures per year at the University Hospitals Leuven.
This study was approved by the Animal Ethics Committee
at KU Leuven (project P014-2019). Female, yearling
Swifter sheep were obtained from the university farm.

For the purpose of our study, a preoperative MRI
was performed to provide reference dimensions of the
aorta and pulmonary root. Animals undergo an MRI-
scan at 10-14 days, three and six months postoperatively
to assess autograft dilatation and valve function. At
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six months, after MRI, transthoracic echocardiography
and transdiaphragmatic echocardiography via a small
laparotomy, sheep are sacrificed and autograft samples are
collected for histology, protein analysis, mechanical testing
and transcriptional analysis of genes related to extracellular
matrix remodeling.

Surgical technique

Prior to surgery, animals are fasted for twenty-four hours.
Sedation is achieved with intravenous ketamine (4 mg/kg)
and anesthesia is induced (5%) and maintained (1-3%)
with isoflurane inhalation. After intubation, an arterial
line is placed in the right auricular artery, a central venous
catheter is inserted in the right external jugular vein and
antibiotic prophylaxis (penicillin 10.000 IE/kg, gentamicin
7 mg/kg) is administered. An orogastric tube is placed to
prevent ruminal distension. Animals are positioned in the
right lateral recumbent position, surgically scrubbed and
draped to expose the left hemithorax and neck. Baseline
activated clotting time (ACT) and blood gas are taken and
repeated as indicated. A left thoracotomy is performed in
the third intercostal space (Figure 1) and via a cervicotomy,
the common carotid artery and external jugular vein
are exposed. Lidocaine (1.5 mg/kg) is given to prevent
ventricular arrhythmias.

After dissection of the aortopulmonary window and
heparinization (300 IU/kg, target ACT >500), normothermic
cardiopulmonary bypass (CPB) is established by cannulating
the neck vessels, using a femoral arterial cannula (16F
Fem-Flex, Edwards®, Irvine, California, USA) and a
multistage femoral venous cannula (24F VFEM Edwards®).
Phenylephrine (1-3 pg/kg/min) is used as a vasoconstrictor
during CPB with a target mean systemic blood pressure
of 40-60 mmHg. Mechanical ventilation is stopped and
isoflurane is administered via the oxygenator. A venting
catheter (13F DLP®, Medtronic, Minneapolis, MN, USA)
is inserted into the left ventricle via the left atrial appendage
and the distal pulmonary artery is snared and transected just
proximal to its bifurcation. With upwards traction on the
pulmonary artery, the autograft is harvested on the beating
heart (Figure 1B) with careful dissection between the left-
facing sinus and the left main coronary artery.

Next, the aorta is cross-clamped and antegrade cold
crystalloid cardioplegia is infused (500-800 mL, composition
based on Plegisol®, Abbott Laboratories, Chicago, Illinois,
USA. 1.7 g bicarbonate and 120 mg lidocaine added
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Figure 1 (A) Intraoperative view through left thoracotomy, providing optimal access to the pulmonary artery (P). The animal’s head is on

the left of the image. The aortic root is situated behind the pulmonary sinuses. (B) Harvesting the pulmonary autograft on the beating heart

with a pericardial sump (*) placed in the right ventricle. (C) View after implantation of the pulmonary homograft (P). AA, ascending aorta;

LAA, left atrial appendage; P, pulmonary artery/homograft; RAA, right atrial appendage.

per 1 L). Cardioplegia is later repeated selectively (150
mL per coronary artery every 20-30 minutes). After a
low transection of the aorta, the leaflets are excised and
coronary buttons mobilized (Figure 24). The pulmonary
autograft, trimmed of excess infundibular muscle, is
sutured low into the aortic annulus using a continuous 4-0
polypropylene suture. The left-facing sinus of the autograft
is placed in the left coronary sinus. After confirming
integrity of the autograft leaflets and valve geometry, the
coronary arteries are reimplanted using a 6-0 polypropylene
suture. The autograft is trimmed to the desired length
above the sinotubular junction and the distal anastomosis is
completed with 5-0 polypropylene (Figure 2B). To reduce
cross-clamp time and allow for evaluation of aortic root
hemostasis, the cross-clamp is opened at this point, after de-
airing (Figure 2C). Next, the right ventricular outflow tract
is reconstructed on the beating heart using a cryopreserved
homograft, as shown in Figure 1C. The proximal and distal
anastomoses are performed with 4-0 and 5-0 polypropylene,
respectively.

After sufficient reperfusion, the sheep is weaned from
CPB with vasopressor and inotropic support as indicated
(phenylephrine 0.5-3 pg/kg/min, norepinephrine 0.2—
0.6 pg/kg/min, epinephrine in 10 pg boluses). Protamine
(I mg/kg) is administered only in case of pronounced
bleeding, as it can induce lethal pulmonary vasoconstriction,
especially in sheep (19). The pericardium is left open and
the chest is closed in a standard fashion with a pericardial
drain in place. Once inotropic support can be ceased and

© Annals of Cardiothoracic Surgery. All rights reserved.

the animals are awake and breathing spontaneously, they
are extubated, transferred to the stable and the chest drain
is removed. Meloxicam (0.4 mg/kg) and buprenorphine
(10 pg/kg) are used for postoperative analgesia, while
amoxicillin (30 mg/kg/d), furosemide (20 mg/d) and
enoxaparin (40 mg/d) are continued for seven days, or
longer based on clinical indication. The Video 2 illustrates
the operation’s crucial steps.

Pulmonary homograft preparation

Sheep autopsied during unrelated experiments were
used to make cryopreserved pulmonary homografts via a
simplified protocol. Hearts were explanted and pulmonary
roots dissected free under sterile conditions and placed in
sterile containers with 0.9% sodium chloride (NaCl) with
250 pg/mL ceftriaxone, 50 pg/mL vancomycin and
100 pg/mL polymyxin B at 4 °C. After 24 hours, the
homografts were transferred to -80 °C and stored for at
most one-year. Preoperatively, the homografts were thawed
at 4 °C for twenty-four hours and rinsed in 0.9% NaCl prior
to implantation.

Results
Perioperative outcomes and survival

Between June 2019 and August 2020, 17 sheep weighing
55+9 kg (range, 43.1-69.4 kg) were operated on, of which
ten (58.8%) survived past the first postoperative day. While
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Figure 2 Intraoperative view of the aortic root. (A) Preparation of the aortic annulus. (B) Performing the distal autograft anastomosis.

(C) In this animal, Icm of pulmonary artery was left distal to the sinotubular junction. Immediate dilatation is observed after the cross-clamp

is released. AA, ascending aorta; L, left coronary artery; R, right coronary artery; S, interventricular septum. *,venting cannula.

one animal died on postoperative day one from bleeding,
six animals were euthanized on the operating table, several
hours after completion of the procedure, as their chances of
survival were deemed unacceptably low. Underlying causes
were brain death due to prolonged hypotension during
CPB (n=2), multifactorial deterioration with hypoxia,
progressively increasing lactate and need for inotropes,
presumably related to aspiration of gastric contents (n=2),
ventricular failure due to insufficient cardioprotection
(n=1) and increasing lactate and need for inotropes after
a procedure complicated by bleeding (n=1). For the ten
sheep surviving past the first postoperative day, operative,
CPB and cross-clamp times were 242+31, 106+14 and
49+9 minutes, respectively. Of these, one animal collapsed
three weeks postoperatively during abdominal paracentesis.
Autopsy revealed a dilated right ventricle with signs
of myocardial infarction and patent coronary orifices;
therefore, presumably related to embolisation. The nine
remaining sheep recovered well postoperatively without
signs of infection or cardiac decompensation and returned
to the farm while awaiting follow-up studies.

Nine animals completed the study’s six month follow-
up period. One of them was sent back to our animal
laboratory at five months postoperatively due to anorexia
and pyrexia. Blood cultures were taken, intravenous fluids
were administered for three days via a central venous
catheter in the right external jugular vein and broad-
spectrum antibiotics were initiated, including gentamycin
5 mg/kg, enrofloxacine 5 mg/kg and ceftiofur 3 mg/kg
once daily via intramuscular administration. Transthoracic
echocardiography showed moderate to severe pulmonary
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regurgitation and vegetations on the pulmonary homograft
leaflets. After five days, blood cultures were positive
for Enterobacter cloacae sensitive to fluoroquinolones
and ceftriaxone, confirming the diagnosis of infective
endocarditis. Antibiotic therapy was continued with
enrofloxacin and ceftiofur. The animal recovered well,
resumed its normal behavior and survived until study
completion. Autopsy showed destruction of the pulmonary
homograft leaflets and multiple vegetations.

Magnetic resonance imaging

Of the ten animals surviving past the first postoperative
day, nine exhibited at most trivial aortic or pulmonary
regurgitation with normal ventricular function on all
of their postoperative MRI scans. The one sheep that
developed infective endocarditis of the pulmonary
homograft had moderate to severe pulmonary regurgitation
and a dilated right ventricle at 5 months postoperatively.
All coronary orifices appeared patent. At one week
postoperatively, the pulmonary autograft approximated the
shape and dimension of the native aortic root, as illustrated
in Figure 3. In one sheep, septal hypokinesia was observed,
consistent with perioperative trauma of a septal perforator
artery.

Macroscopic evaluation at autopsy

At autopsy, the pulmonary autograft appeared viable with
intact leaflets and no evidence of malcoaptation, as shown
in Figure 44. The homograft wall, on the contrary, was thin
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Figure 3 End-diastolic MRI images through the right coronary sinus of the same sheep (*). (A) Aortic root preoperatively. (B) At one week

postoperatively, the autograft resembles the preoperative aorta. (C) Three months postoperatively.

Figure 4 Representative images of the pulmonary autograft and of the homograft. (A) Pulmonary autograft as seen during explantation six

months postoperatively. In this animal, 1.5 cm of pulmonary artery was left distal to the sinotubular junction. (B) Pulmonary homograft with

fragile wall, thin leaflets and extensive fibrosis (*) at proximal anastomosis.

with calcification in the proximal anastomosis and delicate,
translucent leaflets (Figure 4B). Three sheep had small
granular deposits on the pulmonary homograft leaflets,
suggestive of thrombotic formations. Besides the one sheep
with clinical signs of endocarditis and extensive leaflet
destruction, one other sheep had small vegetations on the
pulmonary homograft at autopsy.

Histological evaluation

Microscopically, we observed viable autograft leaflets with
preserved cellularity and extensive neo-vascularization
at their proximal insertion (Figure 5). The leaflets of the
pulmonary homograft, on the contrary, were virtually
acellular. While the overall architecture of the autograft
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wall was preserved without significant loss of smooth muscle
cells (SMCs), a portion of the elastic fibers in the tunica
media appeared frayed. Furthermore, collagen deposition
was observed in the tunica adventitia.

Discussion

We have presented our animal model of the Ross procedure
as a freestanding root replacement, a technically demanding
heart operation. The specific ovine anatomy and setting
of an animal laboratory mandated several modifications in
surgical strategy. Due to the specific rotational position of
the sheep’s heart, a left thoracotomy in the third intercostal
space (Figure I) provides access to both atrial appendages,
the pulmonary artery and the ascending and descending
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Autograft

Homograft

Figure 5 Representative longitudinal sections through the sinus and leaflets of the pulmonary artery and aorta of a non-operated sheep.

Also shown are the pulmonary autograft and homograft at six months postoperatively in a sheep who underwent the Ross procedure. Neo-

vascularization in the base of the pulmonary autograft leaflet and fibrosis on the adventitial side of the sinus. The arterial wall and leaflet of

the pulmonary homograft are thin and acellular. Elastica Von Gieson staining.

aorta (19). This approach minimizes wound complications
in these animals who rest in sternal recumbency, and has
been our choice for valve surgery and procedures on the
proximal descending aorta.

As sheep have a very short ascending aorta, bifurcating
into the brachiocephalic trunk and descending aorta, it can
be challenging to cannulate the ascending aorta and place
a cross-clamp while maintaining a comfortable working
space (19). Furthermore, sheep have very large external
jugular veins, draining most of the blood from the head and
upper limbs. While others have described cannulation of the
descending aorta and right atrium, we routinely cannulate
the left carotid artery and external jugular vein for valve
surgery in sheep (19,22,31). Cerebral perfusion is preserved
through a well-developed Circle of Willis (33) and can be
monitored by invasive blood pressure measurement in the
contralateral auricular artery.

We harvested the pulmonary autograft on the beating
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heart and implanted the pulmonary homograft during
reperfusion, an approach previously used by Schoof ez 4.
(29,30). Thereby, we achieved a low average cross-clamp
time of 49+9 minutes, compared to 123-138 minutes in
large clinical series for the freestanding Ross (7,11,12).
This reduction in cross-clamp time is especially useful
in an experimental setting with limited options for
postoperative monitoring and support. Using this approach,
dissection between the left-facing sinus and the left main
coronary artery is the most challenging aspect of the
procedure. Fortunately, as the aortopulmonary continuity
is not pronounced in sheep, the dissection towards the
posterior pulmonary ventriculo-arterial junction is rather
straightforward. Establishing excellent venous drainage
using a multistage venous cannula was crucial in facilitating
autograft harvesting and reducing operative mortality.
Consistently achieving reliable echocardiography images
in sheep can be challenging due to the shape of their chest,
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extensive gas content of their intestines and postoperative
fluid collections. Transesophageal echocardiography can be
used to overcome these limitations or a rib can be excised at
surgery to create a window for echocardiography (34). Prior
to autopsy, we performed transthoracic echocardiography
to view the pulmonary homograft, situated close to the
chest wall. To visualize the pulmonary autograft, we
performed transdiaphragmatic echocardiography via a
small laparotomy. As it allows for simultaneous assessment
of autograft dilatation, valve function and flow patterns,
we elected to use MRI as the primary imaging modality.
Importantly, we waited at least ten days postoperatively, as
we have found that animals must have recovered sufficiently
from surgery to tolerate additional anesthesia.

"To achieve similar early dilatation as in adult patients,
we used yearling sheep, which would also be more resilient
to surgery than lambs. Indeed, we observed moderate
autograft dilatation, as illustrated in Figure 3. Analogous to
previous animal models of the freestanding Ross, we noted
neo-vascularization in the base of the leaflets, preserved
cellularity and typical pulmonary artery wall structure
with adventitial collagen deposition in three sheep at six
months postoperatively (29-31). Therefore, the described
animal model can be used to study autograft remodeling
by including detailed histological evaluation, analysis of
gene transcription, serial imaging and evaluation of the
autograft’s biomechanical properties. Furthermore, this
model would be suited to assess novel strategies for external
support and their effect on histology, aortic root compliance
and leaflet stress distribution (35).

Limitations

As there is no ovine model of bicuspid valve with either
aortic stenosis or regurgitation, we performed the Ross
procedure in healthy animals with normal aortic valve
and ventricular function preoperatively. Previous studies
have described ovine aortic valve cusps to be thinner and
more compliant than those of pigs and elderly humans
(36,37). Similarly, the ovine pulmonary arterial wall may
be less stiff than in humans (38). While this may simply be
related to differences in hemodynamic demands, it might
impact the extrapolation of data from an ovine model to
the clinical situation. As this high-mortality model was
deemed inappropriate to study, for example, decellularized
homografts, we developed a simplified protocol for
homograft preparation. While we observed no adverse
effects on surgical handling, the homografts we used
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may not be representative of the clinical situation. The
thrombotic depositions observed on the homograft leaflets
in three sheep were similar in appearance to those described

by Baraki ez al. (34).

Conclusions

While the Ross procedure is able to restore the long-
term survival of many patients by providing a living-valve
substitute, the durability of the pulmonary autograft can
be further improved. Therefore, large animal models
remain essential. We have presented the technical details
of our ovine model of the Ross procedure with promising
opportunities to determine the ideal conditions for long-
term autograft remodeling and valve function.
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