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Abstract: It has been few years since the preliminary translational research study on mechanics
performance of autologous pulmonary tissue were published to circumvent complication relies to SVD.
Several studies reported the modification of pulmonary native autograft root subjected to dynamic stress
strain in long-term outcomes of aortic valve replacement. Our multidisciplinary research team firstly
describe the weave relationship between stress-strain, growth and remodelling in an experimental model of
Ross Operation. From a biomechanical point of view, the rapid absorption of polydioxanone constituting the
internal part of the device may limit the potential negative effect of excessive stretching and improvement of
steeper curve in the circumferential response. Improvement of longitudinal stretching of pulmonary autograft
by external component of device are indicative of auxetic effect of e-PTFE. Successful reinforcement with
semiresorbable device can also be favourable to pulmonary autograft function in growing patients needing
to match somatic growth. The attendant decrease in PA expansion and the preserved features of the valve
leaflets enhances durability of Ross operation. Strengthening of the distal pulmonary root anastomosis using
external reinforcement, modifying the ascending phase of the circumferential stress curve, might be advisable
as previously described. PA is an ideal substitute for aortic valve replacement not only in Mr. Ross’s dreams

but also from the biomechanical point of view.
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The clinical problem the population worldwide (2). Resistance among surgeons

to using the pulmonary autograft in the aortic position

The use of pulmonary autograft (PA) has been widely is due to the ever-present risk of dilatation. Accordingly,

adopted for aortic valve disease in children and young the clinical benefit of using autologous tissue is hampered

adults. The majority of patients currently receive a
PA due to its ability to match the somatic growth of
cardiovascular structures in pediatric surgery alongside
avoidance of life-long anticoagulation treatment (1). In
the adult population, the use of PA is indicated for surgical
treatment of bicuspid aortic valve, which is, the most

common congenital heart pathology, affecting 1.3% of
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by the negative effect caused by systemic-pressure load
associated with structural or non-structural deterioration
of the valve substitute in the right ventricular outflow tract.
Experimental studies highlight the various segments of the
neo-aorta which have differing potentials for dilation, with
the neo-valsalva sinuses and neo-sinutubular junction being
the most frequently affected (3,4). The consequence is PA
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Figure 1 Right ventricle outflow tract was reconstructed with a native pericardial neoconduit. (A) Neopulmonary artery made with native

pericardium; (B) right ventricle outflow tract. Proximal anastomosis; (C) pulmonary artery (yellow arrow). Pulmonary autograft transposed

without reinforcement (green arrow).

regurgitation leading to severe left ventricular dysfunction,
a daunting issue in the long-term outcomes of patients who
had surgery for congenital and acquired heart disease (5).

To elude this issue, a structural modification of the PA
conduit in the early post-implantation phase would be
desirable in order to match the increased pressure load
requirements and possibly recreate similar elastomechanical
and functional properties of the native aorta.

In our line of research, we reinforced the autologous
tissue (PA conduit) with a composite semi-resorbable
armoured prosthesis, which is then able to mechanically
support the pulmonary autograft, preventing expansion
and gradually complementing the pulmonary autograft
morpho-structure. Inadvertently, we induced progressive
arterial-like tissue remodelling (6,7). We further revealed
the mechanisms of growth, remodelling and stress shielding
of the reinforced PA through a large animal experimental
model supported by an ex vivo mathematical and physical
model (8).

What has the biomechanics of the growing PA
taught us?

In order to elucidate the mechanisms underlying PA dilation
and evaluate possible strategies to prevent complications, we
developed a large animal model of then Ross operation (6).
Even if technical issues and anatomical constraints
prevented the realization of a complete Ross procedure, we
were able to reliably reproduce the pressure-load sustained
by the PA when transposed into the systemic arterial
system. Briefly, experiments were performed in growing
lambs, under cardiopulmonary bypass, and the PA conduit

© Translational Pediatrics. All rights reserved.

was used as a graft that was inserted in the descending aorta
while the right ventricle outflow tract was reconstructed
with a fresh homograft from another lamb of the same age
and weight or native pericardial neoconduit (Figure I).
We observed the growth of the animal from 2 to 6 months,
evaluating the augmentation of autograft diameter during
the phase of fastest growth when the weight of the animal
progressed from an average of 20 kg to an average of 60 kg
(6-8).

The experimental study also comprised of a group
which received reinforcement by means of an external
semi-absorbable armored prosthesis wrapped around the
pulmonary autograft before implantation to circumvent the
dilatation process. The semi-absorbable scaffold consisted
of an inner layer of Polydioxanone (PDS) and external
armour of non-resorbable ePFTE (Figure 2). The scaffold
was size to a rectangle of 20 mm in height, equivalent to
the height of the PA, wrapped on a metallic candle, and
then arranged with a suture, so as to generate a cylinder
with an internal diameter of 10 mm (20 mm height and
10 mm diameter). The pulmonary autograft was then
included in the fibrillar cylinder (Figure 24) and sutured
at the level of both its margins and that of the prosthetic
structure to the PA conduit (Figure 2B). Angiographical and
echocardiographical measurements post-implantation and
after 6 months were recorded and a histologic evaluation to
demonstrate the structural modification of the vessel wall
was performed. We observed that the non-reinforced
group developed aneurysmal degeneration and intimal
rupture. In contrast, we noticed the growth phase of the
lamb had a concurrent increase in the diameter without
aneurysmal dilation in the reinforced group (6,9). The
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Figure 2 Animal model of Ross operation. (A) Pulmonary autograft with external reinforcement of ePFTE; (B,C) the pulmonary autograft

was reimplanted in the descending aorta and reinforced with ePFTE; (C) experimental Ross operation completed. The right ventricle

outflow tract was reconstructed with a neopulmonary conduit made with native pericardium (yellow arrow). The pulmonary autograft is

transposed in in the systemic pressure regime (green arrow).

histological analysis revealed the ability of the resorbable
layer to integrate with the PA morpho-structure and
to induce the deposition of a new extracellular matrix,
mainly differentiated by the abundant production of
elastic fibers (9,10).

At the same time, we matched the acquisition of the
information using a physical-mathematical system suitably
drawn to obtain a relationship between the iz vivo model
and the ex vivo model (11,12). This mathematical model was
based on the assumption that from the geometric point of
view, a blood vessel can be considered a thick-walled hollow
(composite) cylinder, and that each layer according to the
tissue microstructure offers a unique elastic anisotropy.
These features are reflected in a specific elastic response of
composite cylindrical structures subjected to gradual and
increasing loading conditions (13). Clearly, the pressure
load and growth of vascular structure resulted in large
deformations and non-linear mathematical models (14,15).

In our model, the non-reinforced pulmonary autograft
drastically expanded during the study period, losing its
passing tube-like shape and the symmetrical response to
stress. Estimation of wall strain using the Cauchy theorem
revealed that the circumferential (hoop) strains in the
middle layer of the PA wall with peaks measured at 800 kPa.
This estimate is significantly higher and can bring the tissue
stress threshold to a level determining critical mechanical
states prior to aneurysmal degeneration. An analysis of the
pressure-diameter curve confirmed a non-linear behaviour
demonstrating a loud expansion for a range of inflation
pressures as low as 50 mmHg. In our predictive model,
the external diameter of the PA achieved pathological
dimensions well before the curve exhibited its theoretical
hardening (9-12,16,17).
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We evaluated this effect on the behavior of the PA
conduit by adding a semi-absorbable reinforcement
and highlighted the differences. As demonstrated in
previous studies and confirmed by current research,
the reinforcement consisted of a resorbable material,
which has been shown histologically to have the ability
to integrate with the intermediate layer of pulmonary
autograft causing the production of a new extracellular
matrix with a high quantity of elastic fibers. The entire
scaffolding is reinforced with ePFTE, which is an auxetic
material distinct from a Poisson index of -2 to confer the
mechanical-physical property of “close and up”. The cross-
linked prosthesis is conceived by several repeated elements
progressively shifting from a “dormant” unstretched
configuration to a dilated and rigid one with the intention
of driving the growth process and supporting the different
grades of pressure loading. These features significantly
affected the mathematical outlines (Figure 3). Overall, the
prosthesis exercised a “relay race” type action because it
guarantees the handover of the bearing structure functions
from the PDS scaffold (at the early stages of tissue
growth and remodeling) to the e-PTFE armor. In
fact, this is initially “dormant” as a consequence
of the typically low stiffness manifested by stress-
free auxetic structures at minimal strain (Figure 4).
Although the mechanical shielding of the lapse vessel
works to decrease the radial expansion, it simultaneously
allowed the pulmonary artery to remodel its morpho-
structure to reach a relevant level of mechanical properties.
This synergy is due to the fact that the PDS layer induced
neoarterialization in the middle layer of the pulmonary
autograft, which normally consists of a venous-like structure
thereby conferring an increase in wall thickness. After the
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Figure 3 Concept and design of composite semi-resorbable armored bioprosthesis. Figure is schematically explaining the action of stress-

shielding exerted by the scaffold (see text). The specific design of the ePFTE armor will allow multidirectional growth and resistance to

dilatation (see text). The particular weave of the superior part of the armor (left) will progressively adapt and functionally compensate

the characteristics of autograft growth. (A) Initial implantation; (B) intermediate phase; (C) complete development. Note the progressive

resorption of the resorbable layer and the progressive expansion of the elements composing the mesh made by the auxetic material (¢PTFE).

Going from A to C over time, once the bioresorbable scaffold has completed its degradation program and strengthened the vessel walls, the

e-PTFE structure took over in the process accompanying the PA media and adventitia toward their progressive aortic somatic growth while

sustaining the pressure load. In fact, by stretching its weave from a “dormant” unstretched configuration the ePTFE layer gained stiffness

and effectively confined further vessel expansion, avoiding tissue prolapse and aneurysmal degenerative phenomena.

completion of the degradation program and strengthening
of vessel walls, the bioabsorbable scaffold can actively react
to the increasing systolic pressure by means of e-PTFE
structure. The e-PTFE’s role combines the second phase
of the process that accompanies the tunica media and
adventitia of PA conduit towards their progressive aortic
somatic growth. In fact, by stretching its weave the ePTFE
layer gained stiffness and effectively prevented further
vessel expansion, avoiding tissue prolapse and aneurysmal
degenerative phenomena (Figure 4).

With sensitivity analysis we have shown that the stress
profiles and the difference in effective pressures between
the internal systolic thrust and the limitation of the
external reinforcement are evident; such that the prosthesis
has a stress shielding effect that keeps the distribution of
stress on the pulmonary autograft thickness sufficiently
uniform (9-12) (Figure 4). During the analysis of the
deformation level, the reinforcement allowed maintenance
of a moderate stress level in the middle layer of the PA
conduit with respect to the native physiological reference
rate of the aorta (ticker and more rigid), reaching a safe state
of stress set at about 100 kPa. On the other end, with the
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same sensitivity analysis performed on non-reinforced PA,
we observed that the pressure-diameter curves had a much
smaller range of variations in the outer diameter, within the
same pressure interval. Our explanation to this phenomenon
lies in the fact that in the reinforced PA conduit, the initial
rigid behavior can be attributed to the balance between
the internal thrust and the external pressure exerted by the
e-PTFE. It is related to the ePTFE elastic reaction to vessel
expansion. Subsequently, we observed the presence of an
approximately proportional expansive region, followed by
an elastic hardening at higher pressures. The explanation
of this behavior is due to the combined effect of the
mechanical properties of the neo-pulmonary autograft,
depending on the new morphology which is related to
the stress levels and to the reorientation and distribution
of the elastic fibers as well as to the increasing rigidity
of the auxetic material induced by the severely expanded
elements of the armor (9-12) (Figure 4).

Future direction and areas of uncertainty

Overall the present study of the biomechanics of the
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Scheme of the autograft reinforcement
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Figure 4 Figure shows (A) sketch of the main biomechanically relevant features of the pulmonary autograft and the reinforcement; (B)

nominal (first Piola-Kirchhoff) hoop stress versus circumferential stretch in artery and vein-like materials; (C) elastic reaction pressure

against external vessel radius dilation exhibited by ePTFE auxetic reinforcement during pulmonary autograft growth and deformation; (D)

in-time mass degradation of bioresorbable polydioxanone (PDS) structure. Adapted from Nappi ez al.

pulmonary autograft might provide several insights and
perspectives on the long-term clinical benefit of Ross
procedure and pave the way for the use of bioresorbable
reinforcements during the Ross operation.

Although the use of prosthetic Dacron grafts with
an artificial aortic root configuration (Valsalva graft) as
external reinforcement of the PA has been advocated by
Carrel ez al. (18,19) this new surgical strategy had a notably
poor biomechanical assessment to detect significant
differences in the frequency of clinical events. Although this
approach aims at avoiding neoaortic root dilatation thus,
guaranteeing the dynamic function of Valsalva sinuses, the
role of a rigid Dacron graft to improve clinical outcomes
remains unknown. Our experience has shown that the use
of synthetic inelastic material is advantageous in preventing
the dilatation of the pulmonary autograft subjected to
unusual blood pressure, but these poorly deformable
materials have a serious negative effect on pulsatility
and compliance of the pulmonary autograft. When the

© Translational Pediatrics. All rights reserved.

autograft is engaged in a straight Dacron prosthetic
graft, its ability to match the somatic growth of patients
would be extremely limited, depriving physiological and
somatic growth of the PA conduit (20-22). We previously
demonstrated that the aortic wall compressed by the
Dacron graft or other synthetic polyesters not only severely
impair its compliance '* but provokes a strong inflammatory
reaction with significant damage to the vessel of the
reinforced PA conduit (23,24). Our studies also showed
an improvement in the biomechanical behaviour of the
reinforced pulmonary autograft using resorbable materials
which integrates within the PA morpho-structure. This
concept is biologically plausible and is directly supported
by the fact that resorbable polyester may facilitate the PA
remodelling and the physiological process of growth in
vascular structures (20).

This last point is significant when these considerations
are translated into the clinical setting as a guide for
cardiologists for the indication of using pulmonary
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autografts to treat severe disease of aortic valve and LVOT
(16,17). The use of the Ross operation is recommended
in children and young adults. However, the use of
this procedure at earlier stages in life is known to be
associated with an increased incidence of PA dilation
and degeneration (1,25). Thus, one reason for the wider
use of reinforcement strategies is to circumvent these
complications in children and young adults. In this
category of patients, the advantages are compounded
by negating the need for life-long anticoagulant drugs,
superior hemodynamic performance of the pulmonary
autograft (4) and respect for physiological growth, making
them even more in demand (3).

In summary, we believe that instead of ‘swallowing’
literature with 10 years of clinical follow-up on the
Ross operation and its subsequent meta-analysis, a new
impetus should be given to basic and translational research
to stimulate the development of bio-artificial vascular
substitutes and provide an immediate future for the Ross
procedure. The future clinical use of pulmonary autograft in
the treatment of severe aortic valve disease is a marriage of
the knowledge of the synergistic process of growth, vascular
remodeling and protection from stress, which occurs when
the pulmonary autograft is translated into systemic pressure
regimens with a high-stress load.

For the future of Ross Operation less art, more
biomechanical science.
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