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Abstract—Despite advances in modern surgery, congenital heart
disease remains a medical challenge and major cause of infant
mortality. Valved conduits are routinely used to surgically
correct blood flow in hearts with congenital malformations by
connecting the right ventricle to the pulmonary artery (RV-PA).
This review explores the current range of RV-PA conduits and
describes their strengths and disadvantages. Homografts and
xenografts are currently the primary treatment modalities,
however both graft types have limited biocompatibility and
durability, and present a disease transmission risk. Structural
deterioration of a replaced valve can lead to pulmonary valve
stenosis and/or regurgitation. Moreover, as current RV-PA
conduits are of a fixed size, multiple subsequent operations are
required to upsize a valved conduit over a patient’s lifetime. We
assess emerging biomaterials and tissue engineering techniques
with a view to replicating the features of native tissues, including
matching the durability and elasticity required for normal fluid
flow dynamics. The benefits and limitations of incorporating
cellular elements within the biomaterial are also discussed.
Present review demonstrates that an alignment of medical and
engineering disciplines will be ultimately required to produce a
biocompatible and high-functioning artificial conduit.

Keywords—Congenital heart disease, Valvular implant,

RV-PA conduit, Tissue engineering.

ABBREVIATIONS

BJV Bovine jugular vein
CHD Congenital heart disease

ECM Extra cellular matrix
PCL Poly(e-caprolactone)
PHB Poly(hydroxybutyrate) or poly(hydroxy-

butyric acid)
PHBV Poly(3-hydroxybutyrate-co-3-hydroxy-

valerate)
PLA Poly(lactic acid)
PLGA Poly(lactic-co-glycolic acid)
PPC Poly(propylene carbonate)
PPF Poly(propylene fumarate)
RV-PA Right ventricle to pulmonary artery
TE Tissue engineering

CHALLENGES IN THE MANAGEMENT OF

STRUCTURAL CARDIAC DEFECTS

Congenital heart disease (CHD) remains an
important health issue; even with treatment success in
children these conditions can have lifelong impact. The
incidence of CHD is estimated at 6–13 per 1000 live
births, with 1.76 in 1000 requiring hospitalization.2,36

CHD is associated with significant mortality and
morbidity 84 and effective treatments remain an area of
active study. Significant resources are invested in
delivering timely care and improving patient outcomes.
There are persistent long-term physical, economic, and
psychological impacts on children and their families.27

At least a third of patients born with CHD will re-
quire a significant procedure to address their disease.
For more severe malformations, several open-heart
operations or percutaneous cardiac catheter-based
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interventions can be required. A common and high
impact procedure requires the introduction of a right
ventricle to the pulmonary artery valved conduit (RV-
PA), to substitute for a pathway that is either absent or
of insufficient size. Cadaveric human tissue (human
pulmonary valve allograft, also known as a ‘homo-
graft’) has frequently been used, with the first homo-
graft RV-PA conduit described in 1966.59 Today, the
most common indications for use of RV-PA conduits
include truncus arteriosus, pulmonary atresia, some
forms of transposition of the great arteries with a
ventricular septal defect, and pulmonary stenosis
(Fig. 1). An RV-PA conduit is also required for the
Ross operation for aortic valve disease, where the na-
tive pulmonary valve is moved to the aortic position
and a RV-PA conduit is used to replace the resulting
deficit.

Homografts continue to be the mainstay of RV-PA
connection, but their supply is limited, particularly in
smaller sizes suitable for infant procedures. Xeno-
grafts (animal products usually from cows or pigs)
and hybrid xeno-synthetic grafts are available as
alternatives to homografts. All current RV-PA con-
nections have shortcomings as a result of progressive
structural valve deterioration, loss of effective valve
function, narrowing of the tube over time, and lack of
capacity for growth.17 These problems require
replacement of the valved conduit—with most types
lasting only 5–15 years depending on the age of

insertion 41 and host response to the foreign material.
Such interventions require repeat open heart surgery
and percutaneous placement of xenograft valves via
the femoral vein are available for larger children and
adults (> 35 kg).43

With the inherent limitations of current implants,
substantive effort is being dedicated to producing im-
proved valved conduits. Ideally, such a conduit could
be made from biomaterials with superior biomechani-
cal and biocompatible properties, and may also be
bioengineered with a capacity for post-implantation
tissue integration and growth.2 In this review, we dis-
cuss current and future perspectives on RV-PA con-
duits as applied to infants and children and
highlighting the emergent role of tissue engineering.

CURRENT APPROACHES FOR RV TO PA

CONDUIT CONSTRUCTION

RV-PA conduits have been widely used to surgically
palliate children suffering from various forms of
CHDs. The conduit selection between the available
options, such as bovine jugular vein (BJV) graft,
homograft or synthetic implants, presents a major
challenge in the treatment of the patients. In addition,
the material and mechanical properties of the native
PA can guide us to understand implant failure and to
design a durable alternative.

Medtronic ‘Melody’ BJV for 
percutaneous implantation

(a) (b)

(c)

FIGURE 1. (a) Schematic of pulmonary atresia with ventricular septal defect. Reused from Lucile Salter Packard Children’s
Hospital Web Site, Stanford Children’s health for nonprofit research purposes only.23 RV-PA conduit options (b) homograft and (c)
xenograft.
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Material Properties of the Native Pulmonary Artery

The pulmonary artery (PA) is reinforced by
cytoskeletal proteins, such as collagen and elastin, that
are laid down in a directional manner. This ensures
that the native PA exhibits complex anisotropic
mechanical behavior.18 For example, artery walls show
nonlinear elastic properties under stress and hysteretic
behaviors under cyclic loading and unloading.52 Crit-
ically, none of the currently available RV-PA conduits
possess material characteristics identical to those of
native tissue, particularly anisotropic behavior.

The material properties of the pulmonary artery
distal to a RV-PA homograft in a patient who had
developed severe regurgitation were compared with
those of a healthy individual.3 The in vivo pressure-
diameter data was fitted to a nonlinear material model
to study stress, strain, and compliance, indicated by the
slope of the pressure-diameter curve of the PA wall.
For patients receiving RV-PA homograft, the distal
left pulmonary artery diameter was increased due to
higher pressure and there was a decrease in mechanical
compliance. There was also a significant increase in
strain (elongation) values at constant force. These
biomechanical differences may arise due to the shift in
material properties between the PA walls and the
homograft conduit; this variation may cause reactive
changes at the interface between the two surfaces
which is evident in histology, and can be attributed to
differences in collagen deposition and elastin frag-
mentation.85 Such changes in cytoskeletal protein le-
vels can enhance stiffness, lead to changes in the PA,
and eventually result in implant failure. Therefore,
understanding the material properties of the native PA
provides critical cues to design an ideal implant and
prevent the conduit failure.

Strength and Weaknesses of Homograft and Xenograft
RV-PA Conduits

While homograft conduits were introduced in the
1960s, widespread adoption was limited by a lack of
effective methods for sterilization and preservation.59

The early methods for processing homograft led to
premature calcification and progressive stenosis. The
contemporary approach to storage, cryopreservation,
delays the onset of these problems, however they still
occur in the medium to long term.50 Cryopreservation
comparatively improves the durability of the homograft
and allows for long term storage. Structural changes in
the graft can be compounded by ‘thaw’ injury,45 how-
ever warm ischemic conditions prior to procurement of
the donor valve can ameliorate this problem.12

The bovine jugular vein (BJV) graft was introduced
as an alternative option in 1999 and contained a tri-
leaflet venous valve.24 The flexibility of the leaflets
could be preserved using glutaraldehyde solution
under vacuum.29 Off-the-shelf availability in a range of
sizes has made these conduits popular with some sur-
geons. The BJV maintains good valve competence. It is
likely related to the more extended area of leaflet
apposition and reduced susceptibility to deformation
by surrounding structures, including the right ventri-
cle, aorta, and chest wall. The BJV has been associated
with distal anastomotic stenosis and a higher rate of
endocarditis when compared with homo-
grafts.7,10,11,41,57,63 Porcine stented valves with Dacron
tube, so called Hancock conduits, may also be uti-
lized.4 The same practice is used in adult cardiac sur-
gery. However, in the pediatric setting, pseudointima
formation and calcification, as well as inferior tissue
handling properties at surgery make the Hancock
conduit a less common choice in RV-PA construction.

Current homograft and xenograft conduits lack any
capacity for additional growth. As a child grows, the
fixed size of the conduit means there is a progressive
size mismatch between the patient and the conduit that
necessitates future replacement surgery. Typically,
conduit replacement is required around 4–5 years after
initial placement in an infant or young child.41 Criti-
cally, studies reporting time to replacement often
combine patient groups that have starkly different
anatomical characteristics, confounding the analysis.
For example, RV-PA conduit placement in pulmonary
atresia involves a non-orthotopic and convoluted
pathway for blood flow—out of the anterior right
ventricle, over the surface of the heart, and then pos-
teriorly to the pulmonary arteries. Conversely, RV-PA
conduit placement for the Ross pulmonary autograft
procedure involves essentially orthotopic placement of
the implant. This could be expected to have less tur-
bulence and energy loss than the pulmonary atresia
patient and such factors are likely to influence conduit
durability.

Multiple medical issues can contribute to conduit
failure in addition to somatic outgrowth. These include
stenosis of the distal anastomosis, compression by the
sternum, aneurysm formation at the site of proximal
anastomosis augmentation, and valvular stenosis.86

Some of these factors reflect the surgical work required
to customize the donor valve to the host as well as
donor specific and non-specific immune responses. In
one study, cases of both homograft and xenograft were
shown to trigger the recipient’s immune response
resulting in calcification with thick intima or pannus
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formation and/or stenosis with deterioration of valve
function.64

CONDUIT TISSUE ENGINEERING

Evolving improvements to tissue engineering (TE)
technology will be critical for the next generation of
synthetic RV-PA conduits and their capacity to surpass
currently used homografts and xenografts. Clinically
applicable technologies need to provide a long-term
functional replacement and, in the case of the heart, need
to be operative immediately from the time of implan-
tation. While other tissues can be allowed time post-TE
to gradually regain function, heart function can only be
disrupted for short durations. Moreover, TE implants
need to be biocompatible while also minimizing the
formation of thrombus, stenosis, calcification, and an-
eurysm, and preventing problems with patency or rup-
ture of vascular pathways.

Traditional Scaffold-Based Implants

The first category of tissue engineering construct
consists of a 3D porous biodegradable scaffold that
can be seeded with cells prior to implantation into the
patient.13 Traditionally such scaffolds can be made
bioactive using growth factors, peptides, or proteins
prior to any cell seeding.22 One notable limitation to
come out of clinical studies is that such implants often
lack a capacity to control the differentiation and
function of seeded cells to recreate features of the na-
tive tissue adequately.51

The selection of an artificial conduit biomaterial
also needs to consider the mechanical properties of the
native pulmonary artery and its hemodynamics. The
tensile strength of human pulmonary artery demon-
strated values of 0.95 ± 0.37 MPa.21 The elongation at
break, which defines as strain at maximal load, is
reported at 1.61 ± 0.52 mm/mm, and the Young’s
modulus is 1.69 ± 0.87 MPa.21 Any proposed bioma-
terial to be used as a RV-PA conduit would ideally
mimic these biomechanical behaviors to avoid any
clinical complications.

Natural Versus Synthetic Biomaterials

Biodegradable polyesters such as poly(lactic acid)
(PLA) were first used as potential candidates for car-
diac TE in early preclinical studies. However, the
stiffness and rigidity of these polymers were non-ideal
for mimicking the properties of PA.77 Significant post-
implantation issues ranging from increased scar tissue
formation to non-ideal bioabsorption rates decreased
the interest on biodegradable polyesters.

Natural polymers are inherently degradable by en-
zymes and are thus well suited to biological applica-
tions,48,82 but have not found utility in cardiac TE.
Natural polymers such as collagen, silk protein, and
gelatin have high biocompatibility and cell affinity.42

These polymers have been used as the basis for skin TE
applications and include a range of commercial colla-
gen-based scaffolds. However, they have been es-
chewed for conduit design due to risk of a substantial
immunogenic response, disease transmission, and
deterioration of biomechanical properties over
time.48,82

In contrast, synthetic biomaterials have tailorable
property profiles. They are frequently bio-inert and
structurally simpler than natural polymers. Conse-
quently, the performance of these synthetic materials
are easier to predict and optimize for the replacement
of pulmonary artery.48 Despite these benefits, synthetic
materials often are poorly biocompatible, can produce
non biocompatible degradation products, and lose
their mechanical properties during degradation.28

These complications need to be addressed before clin-
ical studies of TE-based scaffold for RV-PA conduit
replacement can take place.

To overcome the drawbacks of both synthetic and
natural polymers, composite materials have been
developed to use in TE. For example, Pok et al.
developed a chitosan, gelatin hydrogel and poly(e-
caprolactone) (PCL) multi-layered scaffold for use as a
biodegradable patch for use in surgical reconstruction
of congenital heart defects.55 While promising, this
approach has not been translated for clinical use. This
method showed some insufficiency in mechanical
stiffness and cell invasion when the patch applied in a
full thickness right ventricle defect. The same research
group presented a multilayered engineered patch that
shows higher right ventricular ejection fractions com-
pared to commercially available fixed bovine peri-
cardium at 8 weeks post-surgery.56 In efforts to
enhance synthetic scaffolds, cell affinity and biocom-
patibility, scaffolds of biodegradable polyesters such as
PCL were modified by the naturally-occurring poly-
mer, chitosan. This led to an enhancement in scaffold
biocompatibility and in vitro cell proliferation.40

Recent Efforts to Develop Biomaterials for Cardiac TE

The search for an ideal scaffold and manufacturing
method for conduit TE remains an area of continued
effort and innovation.88 Advancements in electrospin-
ning, 3D printing, and bioprinting have led to the
creation of more complicated designs able to mimic the
anisotropy of the cardiovascular tissues.

Electrospinning has captured significant attention as
a potential manufacturing modality. One of the most
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promising recent composite scaffolds to date is an
electrospun PGA mesh reinforced with poly(lactate-co-
caprolactone) (P(LA-CL). This has been successfully
employed in preclinical and clinical tri-
als.9,19,38,39,49,58,65–69,78 In the human trials, patients
survived with no catastrophic failures or complications
related to the bioresorbable implant. There were some
instances where stenosis developed, which could be
related to acidic degradation byproducts (lactic acid)
leading to localized cell necrosis and immune cell
invasion.33–35 To overcome the problems of lactic acid
byproducts, numerous alternative polymers have been
employed. Bockeria et al. utilized electrospun chain-
extended polycaprolactone with 2-ureido-4[1H]-
pyrimidinone,6 as this material degrades to products
with less acidity than PLA/PGA. A supramolecular
elastomer based on bis-urea-modified polycarbonate
with non-acidic byproducts has also been proposed for
in situ heart valve TE.31

Alternative electrospun nanofibrous grafts have
been made from composite materials such as poly-
ethylene glycol dimethacrylate, PLA, PCL, and poly-
vinyl alcohol have been developed to replicate the
structure and mechanical properties of native valve
leaflets.20,61 These implants were reported to mimic the
stiffness and anisotropy of native cardiac tissue were
resistant to thrombus formation, elastic, and aided
neovascularization. Despite the continued efforts in
electrospun scaffolds, electrospinning is time consum-
ing and inefficient for the production of the large
constructs. Furthermore, this method remains limited
in its capacity to efficiently produce implants with
complex 3D geometries based on a patient’s anatomy.

The Xeltis implant is the most developed electrop-
sun pulmonary valved conduit made from arrays of
synthetic polymers.5 The polymeric blocks are based
on 2-ureido-4[1H]-pyrimidinone with tunable
mechanical properties and biodegradation. The tube
wall is based on polycaprolactone while the leaflets are
fabricated from polycarbonates. This technology
found success in preclinical studies where the Xeltis
valved conduit showed favorable and durable hemo-
dynamic performance (up to two years after implan-
tation), without conduit narrowing/obstruction or
severe regurgitation.74

Stereolithographic 3D printing and extrusion-based
3D printing both have been used to fabricate scaffolds
on the scale of heart valves. Biomaterials such as sili-
cone aortic valve and PGA valve scaffold have been
tested for heart valve tissue engineering.62,72 To mimic
the mechanical and biological properties of the valve
leaflets, 3D printing of hydrogels such as pho-

tocrosslinkable hyaluronan, and gelatin have been
employed.71,90 However, 3D printing geometrically
complex constructs with the similar biological behav-
ior to the native tissue remains a considerable chal-
lenge with many materials.

Bioprinting is a final method being actively devel-
oped for TE applications. Trileaflet valve conduits
based on methacrylated hyaluronic acid and
methacrylated gelatin have been successfully implanted
in mouse models and shown high cell viability and
remodeling potential.15,16,87 Their mechanical proper-
ties were comparable to the internal wall of the pul-
monary artery.

Incorporating Cells Within an Artificial Scaffold

In the cardiac tissue engineering, the availability of
functional cells and careful selection of the cell type for
either in vitro or in vivo repair of the native tissue is
essential. Cells can recover the normal vessel wall and
valve tissue functions such as resistance to thrombus
formation, inhibition of neo-intimal proliferation and
transduction of physiological growth signals by cre-
ation of extracellular matrix and endothelial lining.25

In this context, cardiomyocytes are responsible for
electrical conduction and generation of contractile
force; however, fibroblasts, stromal cells, and
endothelial cells all play important roles in matrix
deposition, vascularization, and paracrine signaling.53

For instance, fibroblasts engage ECM proteins and
promotes cardiomyocyte maturation while the
endothelial cells encourage the survival and in vivo
integration of those cells.26,76 The majority of current
cell seeding approaches focus on a single cell type.

The behavior of cells in an implant also depend on
cell-scaffold interactions. Cell migration into the scaf-
fold as well as subsequent cell proliferation and dif-
ferentiation influenced by both scaffold
macroarchitecture (porosity) and microarchitecture
(pore size and interconnectivity).47,32 For example, in a
scaffold manufactured from polyethylene terephtha-
late fibers, it was reported that enhanced cell prolifer-
ation rate was achieved in higher porosity structure,
while microarchitecture affected cell attachment and
morphology.79

Despite the substantive efforts spend on developing
cell-seeded grafts, the relative importance of incorpo-
rating cells inside a TE structure has yet to be
resolved.53 This is made more complex by the variety
of cell types and pre-culture treatments that can be
applied prior to implantation. An alternative approach
for the next generation of TE solutions is to eliminate
the use of scaffolds and focus on scaffold-free cell
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delivery. This has the potential to ablate undesirable
interactions between cells and biomaterials.

Scaffold-Free Constructs for Conduit Tissue
Engineering

In this emergent approach, materials known as
bioinks are used to mimic the natural ECM environ-
ment and support the adhesion, proliferation, and
differentiation of living cells.80 These implants feature
a range of advantages including biomimicry, autono-
mous self-assembly, and construct miniaturization.46

Cells play an essential role to remodel the tissue
function by producing tissue-specific ECM proteins.
The ECM-rich cell monolayer can then be extracted
and assembled to form the shape of the desired tis-
sue.46

3D printing was introduced into the tissue engi-
neering field through the use of biodegradable poly-
mers for building complex composite scaffolds. Due to
the inherently complex nature of biological constructs,
there is a need to engineer tissue constructs that match
the corresponding structural, mechanical and biologi-
cal complexities. 3D bioprinting is a technique that
enables the deposition of various bioinks through dif-
ferent printing mechanisms in predefined patterns,
while preserving cell viability and functionality.15 The
technology facilitates personalized patient-specific
treatments via a capacity to fabricate 3D structures
using patients’ medical images, such as CT-scans and
MRI.15

Bioinks can be defined as a 3D printable, pre-gel or
liquid solutions that contain cells.75 They are chosen to
mimic an extracellular matrix environment to support
cell adhesion, proliferation, and differentiation.
Mostly, bioinks are derived from natural polymers
such as gelatins, collagen, fibrin, alginates, chitosan,
agarose and hyaluronic acids, as their processability
under mild conditions is required to maintain and
preserve living cells.95 Synthetic polymers, such as
Pluronic and PEG have demonstrated suitability as
bioinks with an ability to maintain and promote cell
viability.95 Gelatin, pluronic, and PEG polymers are
typically utilized as bioinks either alone or in combi-
nation with other hydrogels as of their shear-thinning
properties.95 Through extrusion, the advantageous
shear-thinning properties allow polymers to behave
like a liquid under the high shear stress imposed by the
extruder, and quickly recover back to their gel state
once printed.

3D printing provides a promising platform for the
development of cardiovascular tissue engineering.
Biomaterials are required to withstand the high shear
stresses displayed by the continuous contraction and
relaxation of the heart.30 Accordingly, the biomaterials

need to demonstrate consistent mechanical properties
which is not affected by the blood flow during the
development of the tissue engineered construct.30

THE ROLE OF COMPUTATIONAL MODELLING

IN IMPLANT DESIGN AND ASSESSMENT

Computational Fluid Dynamics (CFD) can be uti-
lized to optimize the geometrical design as well as the
tissue engineered material of RV-PA conduit. CFD
can be used to calculate the fluid flow forces affecting
an implant, the response of different materials to those
forces, and predict risks of implant failure. CFD can be
used in combination with increasingly sensitive and
accessible medical imaging techniques, to create a
toolbox for evaluating hemodynamic parameters in a
personalized manner.14 Features such as wall shear
stress (WSS), flow distribution, and pressure gradients
can be described by CFD.

CFD is a method of simulating fluid passing
through or around an object by replacing the partial
differential equations with algebraic equations that can
be solved numerically using digital computers. There
are several open-source and commercially-available
CFD software packages that facilitate the completion
of these calculations, with easy to use interfaces that
are compatible with various types of medical imaging
data.54,83,94 Users can generate their desired hemody-
namic data resulting from the governing mathematical
equations. The created models can be used to analyze a
patient-specific geometry when it is desirable to focus
on a clinical question for a specific patient, or for a
group of patients with similar pathology.60

Other mathematical methods such as the finite vol-
ume method has been used more often than CFD to
predict the flow dynamics in RV-PA conduits used for
different patient morphologies and separate clinical
contexts. Results of such simulations have shown a
good agreement with the observed clinical data, sup-
porting the practicality of these methods in surgical
planning.8

Although the number of studies that have used
CFD to investigate RVOT flow dynamics are limited,
many lessons can be learned from studies that have
employed CFD to evaluate and optimize the geo-
metrical design of systemic-to-pulmonary shunts,
TCPC, and Fontan geometries. This is due to the fact
that the performance metrics, such as energy effi-
ciency and stress distribution, and the mechanisms
that affect the durability of the implant, such as
platelet activation and thrombosis, are similar in all
these cases. The schematic in Fig. 2 illustrates RV-PA
and extracardiac Fontan conduits in their sites of
clinical application.
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The use of abovementioned tools has proliferated
in cardiovascular medicine over the last decade.
CFD can provide a means for evaluating and opti-
mizing a grafts’ geometrical design. Soerensen et al.
introduced a hemodynamically-optimized total
cavopulmonary connection with bifurcated caval
veins using equal-sized connections to both PAs (Y-
shaped graft).73 It was shown using CFD with sim-
plified geometric models that the new design with
curved junctions leads to more streamlined flow
paths and lower fluid mechanical power losses com-
pared with 1D idealized model.93 However, the
clinical implications, feasibility of procedure in a
young child, risk of thrombosis and growth were not
investigated.

Another study37 proposed a Y-graft with more
clinical considerations allowing it to be used in pro-
cedure without cavopulmonary bypass, be custom
manufactured, and be modified patient-specifically.
The study adopts a patient-specific model and im-
proves the accuracy of hemodynamic evaluation of the
graft by incorporating greater level of pulmonary
branching, and the effects of respiration and cardiac
contraction, as well as including resistance, impedance
and lumped model boundary conditions. The study
took advantage of the computational tools to compare
pressures, energy efficiencies, flow distributions and
wall shear stress (WSS) of the Y-graft, T-junction, and
offset model. It demonstrated lower Fontan pressures,
increased efficiency, and improved inferior vena cava
(IVC) flow distribution in the proposed Y-graft design.
The use of a rigid wall in the simulations and lack of
patient-specific data for validation are some limitations
of this study.

Despite the many studies focusing on an energy loss
in Fontan hemodynamics, Yang et al. focused on
hepatic flow distribution (HFD) in shape optimization
of the Y-grafts.91 The impact of the pulmonary flow
split, IVC/SVC (superior vena cava) flow ratio, and
SVC flaring were examined for multiple designs. A
flared SVC design was preferred over unequal-sized
branches due to energy loss in the latter case. The
optimized designs improved HFD by 79% and 94% in
two patient-specific models studied. However, predic-
tion of thrombotic risks demand incorporation of a
fluid structure interaction to account for wall defor-
mations and to evaluate the WSS more accurately. In a
later study,92 they validated the abovementioned pre-
dictions by comparing simulation-derived HFD with
in vivo lung perfusion data of the patients undergoing
the procedure. The authors attributed the occurrence
of thrombosis in one patient to low WSS and flow
stasis and highlighted the effects of patient-specific
factors on the performance of Y-grafts. However,
thrombosis is a multifactorial problem. Also, effects of
a deformable wall and suture lines involved in the
grafting process were not investigated in the WSS
calculations.81

In a recent study, a new approach was developed
that integrated image data acquisition, simulation-
based design, and validation of simulation results
through in vitro testing. This was used to optimize
patient-specific graft designs before manufacturing
based on a balanced HFD and minimal energy loss.70

Utilization of electro-spun tissue-engineered vascular
grafts in this study increased the degrees of freedom for
graft design. The WSS profile and its effect on
thrombosis, along with long-term durability of the

FIGURE 2. Schematic of extracardiac Fontan (a) and RV-PA repair (b). Reused from The Royal Children’s Hospital Melbourne
website.
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graft are yet to be investigated. A comparison of these
studies is shown in Table 1.

Many studies on prosthetic heart valves have em-
ployed CFD to evaluate and optimize their design,
yielding the optimal hemodynamic and lowest achiev-
able risk of design-related thrombosis.44 The ‘‘Device
Thrombogenicity Emulator (DTE)’’ has been pro-
posed as a method that integrates numerical and
experimental approaches to evaluate the design of
prosthetic valves to achieve a better thrombo-resis-
tance performance.89 In the experimental phase, pla-
telets are exposed to rapidly changing dynamic shear
stress loading waveforms extracted from detailed
numerical simulations. The extreme flow conditions
are imposed and the resultant platelet activity, which is
indicative of blood clotting and thrombosis, is then
measured. Similar approaches can be adopted to
achieve lower risks of thrombosis in conduit geome-
tries.

From another perspective, simulation can be em-
ployed to achieve TE design optimization by predicting
the structural mechanics and fluid flow associated with
in vitro perfusion systems.1 In preparing pre-vascular-
ized three-dimensional cardiac bio-substitutes, CFD
analysis of a modular chamber bioreactor with a por-
ous scaffold was used to evaluate the perfusion and
oxygenation of a millimeter-sized scaffold.54 Variation
of scaffold oxygenation as a function of bioreactor
flow rate was confirmed. Another study underlined the
importance of control of mechanical conditioning,
especially WSS, in the development of functional
Small-Caliber Tissue-Engineered blood vessels.83 They
utilized a fluid–structure interaction (FSI) approach to
develop a scaffold-specific model for viscoelastic
tubular scaffolds to evaluate a priori WSS and defor-
mations to guarantee the desired stress distribution.
The resulting mechanical conditioning was satisfac-
tory, and the method was less time consuming and
costly compared with the trial-and-error process used
in vascular tissue engineering to control mechanical
stresses on scaffold/vessel wall in perfusion bioreac-
tors. Another study on perfusion bioreactors used

micro–computed tomography images of complex 3D
scaffolds and fluid dynamics to evaluate the velocity
field and the WSS distribution through the scaffold.94

The knowledge of WSS distribution guides the design
and optimization of the scaffold geometry.

In summary, CFD is a practical tool for predicting
the hemodynamics of graft substitute designs, and
subsequent optimization steps. It also provides a tool
for optimizing the process for synthesizing tissue
engineered material of RV-PA conduit by predicting
the required mechanical properties for the implant.
The integration of computational modelling with
medical imaging equipment has the potential to facil-
itate patient-specific implant designs. Nevertheless, for
CFD results to be reliable, it is necessary to utilize
realistic boundary conditions and to validate the
findings using concrete models. Although the majority
of these studies have focused on creation of venous
pathways for Fontan completion, the approaches are
highly relevant to creation of an ideal RV-PA path-
way.

CONCLUSION

Homografts and xenografts as well as the currently
available biomaterials for construction of artificial RV-
PA conduits have significant limitations. These include
a lack of durability, poor biocompatibility, risk of
disease transmission (homograft/xenograft), and per-
haps most importantly a lack of growth capability. TE
is an emerging technology with the potential to create
high-functioning implants able to provide structural
and mechanical support. Ideally, implants will be
generated possessing a capability for growth propor-
tional to host somatic growth, obviating the need for
the further operations. Significant research challenges
remain in terms of designing and manufacturing dur-
able conduits incorporating tubes and valves, all while
considering the specialized and highly variable cardiac
anatomy of individuals with CHD. We note that
computational modelling of flow and structures will

TABLE 1. Employment of CFD in geometrical design optimization of the grafts.

System modelled by CFD Medical imaging Patient-specific model Validation Optimization goals References

Total cavopulmonary connection 7 7 7 Less energy loss

Less helical PA flow

73

Y-shaped Fontan graft 4 4 7 lower Fontan pressures

More efficiency

Better flow distribution

37

Y-graft 4 4 4

(In a later study)

HFD

Lower energy loss

91

Fontan graft 4 4 4 HFD

Lower energy loss

70
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continue to have an important role in optimizing the
design and generation of patient-specific ducts.
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