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Abstract

OBJECTIVES: Residual regurgitation is common after congenital surgery for right ventricular outflow tract malformation. It is accepted as
there is no competent valve solution in a growing child. We investigated a new surgical technique of trileaflet semilunar valve reconstruc-
tion possessing the potential of remaining sufficient and allowing for some growth with the child. In this proof-of-concept study, our aim
was to evaluate if it is achievable as a functional pulmonary valve reconstruction in vitro.

METHODS: Explanted pulmonary trunks from porcine hearts were evaluated in a pulsatile flow-loop model. First, the native pulmonary
trunk was investigated, after which the native leaflets were explanted. Then, trileaflet semilunar valve reconstruction was performed and in-
vestigated. All valves were initially investigated at a flow output of 4 l/min and subsequently at 7 l/min. The characterization was based on
hydrodynamic pressure and echocardiographic measurements.
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RESULTS: Eight pulmonary trunks were evaluated. All valves are competent on colour Doppler. There is no difference in mean pulmonary
systolic artery pressure gradient at 4 l/min (P = 0.32) and at 7 l/min (P = 0.20). Coaptation length is increased in the neo-valve at 4 l/min
(P < 0.001, P < 0.001, P = 0.008) and at 7 l/min (P < 0.001, P = 0.006, P = 0.006). A windmill shape is observed in all neo-valves.

CONCLUSIONS: Trileaflet semilunar valve reconstruction is sufficient and non-stenotic. It resulted in an increased coaptation length and a
windmill shape, which is speculated to decrease with the growth of the patient, yet remains sufficient as a transitional procedure until a
long-term solution is feasible. Further in vivo investigations are warranted.
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ABBREVIATIONS

AC Anterior cusp
LC Left cusp
RC Right cusp
RVOT Right ventricular outflow tract
STJ Sinotubular junction
TOST Two one-sided test
TSVR Trileaflet semilunar valve reconstruction
ePTFE Expandable Polytetrafluoreten

INTRODUCTION

Right ventricular outflow tract (RVOT) malformations are present
in an estimated 20% of children with congenital heart disease [1],
including tetralogy of Fallot, pulmonary valve disease or pulmo-
nary atresia. A significant proportion of these children require
multiple surgical or catheter-based interventions in childhood.
These interventions are often transitional—in the wait for timely
pulmonary valve replacement later in life—and leave the pulmo-
nary valve with anatomic and functional abnormalities. The sub-
sequent residual pulmonary regurgitation can be well tolerated
for decades; however, complications such as arrhythmias, right
ventricular heart failure and sudden cardiac death may occur,
sometimes at very young age [2]. These complications cause an
ongoing search for determining the optimal time for re-valving
and the optimal valve that will suit the growing child.

Trileaflet semilunar valve reconstruction (TSVR) is a new surgi-
cal technique, created by Dr. Lugones, in which the leaflets in a
native semilunar valve are replaced with customized semilunar
leaflet patches. This article is the first in a series of 3 studies inves-
tigating this novel surgical technique going from in vitro, over to
an animal model and then to a final human testing. In this proof-
of-concept study, we are investigating the achievability of TSVR
on the pulmonary valve in vitro in a pulsatile model. The charac-
terization is based on hydrodynamic and geometric properties
measured by pressure catheters and echocardiography.

MATERIALS AND METHODS

Porcine pulmonary trunks

We explanted pulmonary trunks from 9 porcine hearts, obtained
fresh from 90-kg pigs at a local abattoir. The pulmonary trunks
were harvested using the Ross technique. They were trimmed to
incorporate 1 cm of the RVOT and 3 cm of the common pulmo-
nary artery.

Only pulmonary trunks with a trileaflet pulmonary valve, sym-
metric sinuses of Valsalva and no macroscopic pathology were
included. One was excluded due to a bicuspid pulmonary valve.

Leaflet patches

For the leaflet patches, porcine pericardium was obtained fresh
from a second abattoir and treated with glutaraldehyde. First, the
pericardium was rinsed of excess tissue, and then, it was sus-
pended onto polystyrene and submerged into a glutaraldehyde
0.6% solution for 15 min. It was subsequently rinsed in saline wa-
ter and stored submerged in 0.01 M, 7.4 pH, phosphate buffer at
4�C. After 24 h in the phosphate buffer, the buffer was replaced
with fresh 0.01 M, 7.4 pH, phosphate buffer and the pericardium
was continuously stored submerged at 4�C. Prior to implantation,
the treated pericardium was rinsed in saline water and the leaflet
patches were cut out using a custom template.

The size of the leaflet patches was determined based on the di-
ameter of the sinotubular junction (STJ) by echocardiography
when the native pulmonary trunk was suspended in a right heart
simulator and subjected to a flow of 7 l/min. Each neo-valve was
reconstructed using 3 identical leaflet patches. The degree of
oversizing is based on the logarithmic growth of the pulmonary
valve annulus and the main pulmonary artery [3], determined by
the initial diameter of these structures and the expected growth
velocity. Theoretically, the degree of oversizing will be greater in
smaller patients, who exhibit increased growth velocity, to ensure
valve competence over a longer time period.

Ethics statement

Biological tissue was obtained from 2 distinct abattoirs.
Application for the approval of this study was not required.

Right heart simulator

We used a pulsatile simulator of the right side of the heart, which
mimics a beating heart in terms of flow and pressure. This ma-
chine has previously been used for biomechanical studies of
semilunar valves in the aortic [4] and the pulmonary [5] positions.
The simulator consisted of: an atrial chamber; a ventricular
chamber; and a compliance chamber (Fig. 1). The atrial chamber
and the ventricular chamber were separated by a mechanical
valve. The compliance chamber was connected to the atrial
chamber through an elastic tube. Pulsatile flow was produced by
a Series piston pump (SuperPump AR; ViVitro Labs, Victoria,
Canada), connected to the ventricular chamber. Both the ventric-
ular chamber and the compliance chamber had respective inser-
tions ports for pressure catheters and respective sites of
attachment for customized pulmonary trunk holders.

The customized pulmonary trunk holders were developed in 2
different sizes, as the pulmonary trunk has a cone shape with the
broadest base at the right ventricular infundibulum and the most
narrow part at the common pulmonary artery. The holders were
made of expanded Polytetrafluoreten (ePTFE) vascular grafts
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tubing (GORE-TEXVR ; W.L. Gore & Associates, Flagstaff, AZ, USA).
Sizing of the ePTFE vascular grafts was determined based on
measurements from 8 explanted porcine pulmonary trunks. The
ventricular diameter was manually measured 1 cm below the an-
nulus and the pulmonary artery diameter was manually mea-
sured 3 cm above the annulus. Based on these measurements,
the ventricular holder resulted in a diameter of 24 mm and the
common pulmonary artery holder resulted in a diameter of
16 mm. On each end of the pulmonary trunk holders, a tube of
polyethylene terephthalate fabric (DacronVR ; Dupont, Wilmington,
DE, USA) was attached.

Mounting of the pulmonary trunk

The pulmonary trunks were sutured onto the polyethylene tere-
phthalate fabric lining of their respective pulmonary trunk holder
with continuous suture using 5–0 ProleneVR (Ethicon, Somerville,
NJ, USA). The pulmonary trunk was subsequently mounted be-
tween the ventricular chamber and the compliance chamber on
the simulator.

Flow and imaging modalities

For ventricular and pulmonary flow, an ultrasonic transit time
flow system (PXL11, PXL25, TS410; Transonic Systems Inc., Ithaca,
USA) was used. For right ventricular and pulmonary pressure

measurements, micro-tip pressure catheters (SPR-350S; Millar
Instruments, Houston, TX, USA) were used and amplified with a
two-channel pressure control unit (PCU-2000; Millar
Instruments). The pressure sensors were calibrated and zeroed
prior to each experiment.

For echocardiographic measurements, a 2D-linear probe (GE
9l-RS Probe; GE Healthcare, Horten, Norway) was used on the
pulmonary trunk. Images were obtained in a short-axis view at
the level of the sinuses and in long-axis views projecting through
each of the 3 commissures. The leaflets of the valves will be re-
ferred to as the anterior cusp (AC), right cusp (RC) and left cusp
(LC) and the 3 long-axis echocardiographic views as LC–AC, AC–
RC and RC–LC.

Study design

This is an in vitro experimental study. The pulmonary trunks were
investigated before and after TSVR with customized leaflet
patches in a pulsatile flow simulator of the right side of the heart.
Each pulmonary trunk served as its own control.

Experimental setup

The valves were first investigated at a flow output of 4 l/min.
After complete data acquisition, the valves were investigated
again at a flow output to 7 l/min. The flow output was generated
by increasing the stroke volume of the piston pump, which dis-
patched water in the ventricular chamber through the pulmonary
trunk. These 2 flow outputs were used as a measure for cardiac
output at ‘rest’ and at ‘exercise’.

Three customized leaflet patches were cut out (Fig. 2A). After
the complete acquisition of data from the native pulmonary
trunk, the native pulmonary leaflets were excised at the level of
attachment to the pulmonary artery wall (Fig. 2B), through a lon-
gitudinal incision on the anterior aspect of the main pulmonary
artery. We had an insertion template sized after the STJ measure-
ment, which in this study was only used to confirm the symmetry
of the native valve characterized by 3 leaflets of the same size.
The pulmonary leaflet patch was then sutured with 3 6–0
ProleneVR suture loops to the mid-point of the line of attachment
(nadir) of the native leaflet (Fig. 2C) and subsequently parachuted
down (Fig. 2D). Then, 1 side of the pulmonary leaflet patch was
attached to the pulmonary trunk. The continuous suture followed
the line of native attachment, as the valves were symmetric. Care
was taken not to perforate the pulmonary artery wall (Fig. 2E).
Prior to the zone of apposition with the adjacent leaflets, we cre-
ated a reinforcement area. This reinforcement area was sutured
with a horizontal mattress suture technique, resulting in the mar-
gin of the leaflet bulging into the lumen, that is, into the sinus of
Valsalva (Fig. 2F). As the leaflet patches are oversized to accom-
modate growth, their free margin ends a few millimetres above
the native free margin. Once the neo-leaflet was attached, the
needles on both ends of the suture perforated the pulmonary
wall from the inside to the outside at the level of the new free
margin (Fig. 2G). The 2 other pericardial leaflets were attached in
a similar fashion. Once all 3 leaflets had been attached to the na-
tive pulmonary trunk, a securing suture attached the neighbour-
ing leaflet borders to each other. The securing suture was going
from the outside through the pulmonary artery wall at the level
of the new commissure (Fig. 2H), through the reinforcement
area, through the leaflet, through the neighbouring leaflet,

Figure 1: Illustration of the right heart simulator: (A) atrial chamber; (B) ventric-
ular chamber; (C) compliance chamber; (D) mechanical valve; (E) recirculation
tube; (F) piston pump; (G1) pulmonary trunk holder, ventricular; and (G2) pul-
monary trunk holder, main pulmonary artery.
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through the neighbouring reinforcement area and out at the
same level (Fig. 2I). Felt pledgets were placed to secure the
sutures on the outer surface of the pulmonary artery. The neigh-
bouring leaflet sutures were tied down together, and the securing
sutures were tied down together (Fig. 2J).

Data acquisition and data analysis

Data were acquired for each level of flow output by the same
person and in the same laboratory, using the same equipment.

Pressure and flow data were recorded using dedicated data ac-
quisition hardware (NI-9215; National Instruments, Austin, TX,
USA) for 10 consecutive cycles at a sampling rate of 1000 Hz. It
was stored and analysed offline using LabVIEW 11.0 (National
Instruments). The systolic and diastolic pressures were deter-
mined as maximum and minimum pressures for the right ventri-
cle and the pulmonary valve, respectively. Systolic gradient is

calculated from start systole to end systole. Diastolic gradient is
calculated as the difference in pressure from 15% onto the pres-
sure timeline from end systole to end diastole. The 15% was
added to the systolic pressure to let the ventricle pressure fall to
the diastolic level due to pressure probe placement.

Echocardiographic data were stored and analysed offline using
EchoPac 113.0.4 (GE Healthcare, Horten, Norway). The echocar-
diographic systole and diastole were visually defined when the
annular diameter was respectively at the maximum and mini-
mum lengths [4]. The acquired parameters in the short-axis view
were: geometric orifice area; planimetric cross-sectional sinus
area (systole, diastole), and in the long-axis view: annular base in-
ternal diameter (systole, diastole); STJ internal diameter (systole
and diastole); coaptation length; and billow (a positive value
above the annular plane and a negative value below the annular
plane). The hydrodynamic assessment was performed using col-
our Doppler, where competence was defined as the absence of a

A
B C

D E

GF

H I J

Figure 2: Illustration of the surgical technique used for replacing the native pulmonary cusps with oversized pericardial cusp patches. (A) The oversized cusp patch.
Striped lines: the reinforcement areas; (B) excision of the native pulmonary cusps; (C) attachment of the oversized pericardial cusp patch to the base of the annulus us-
ing 3 suture loops; dotted line: annulus; (D) parachuting of the leaflet to the base of the annulus; (E) attachment of 1 side of the leaflet to the annulus with continuous
suture; (F) attachment of the reinforcement area on the leaflet with horizontal mattresses; (G) penetration of the suture through the pulmonary artery at the level of
the leaflet; securing suture from the (H) outside and (I) inside; and (J) attachment with felt pledgets.
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diastolic jet. The parameters reported were calculated using
standard built-in functions in EchoPac.

Statistical analysis

All parameters are reported as mean ± standard deviation.
Hydrodynamic flow and pressure parameters were based on 10
consecutive cardiac cycles, and a mean was calculated for each
parameter across these cycles. Echocardiographic parameters
were measured manually at a single timepoint. For each parame-
ter, normal distribution of the data was evaluated using QQ plots.

Means before and after intervention were compared. To test
for significant difference between means, a paired two-tailed
Student’s t-test was applied. If the H0 hypothesis of no difference
was accepted, a two one-sided test (TOST) was used to determine
whether the means were equivalent with a predefined difference
e defined as the mean standard deviation of measurements
before and after interventions:

e =
rbefore þ rafter

2
:

This value of e is defined as such, to discover parameters with a
high level of equivalence relative to the uncertainty of the
measurements.

P-Values are reported for the two-tailed Student’s t-test unless
other is specified. P-Values of both the two-tailed Student’s t-test
and the TOST were corrected for multiple testing to reach a false
discovery rate of 0.05, and q-values below 0.05 were considered
significant. All statistical analyses were performed using R version
4.0.2 (R Foundation for Statistical Computing, Vienna, Austria)
and the package Equivalence version 0.7.2.

RESULTS

Eight pulmonary trunks were investigated. Baseline in vitro hy-
drodynamics are presented in Table 1. The trunks were investi-
gated under similar conditions. The internal diameter for the STJ
was: 4 trunks: 31 mm; 1 trunk: 33 mm; 2 trunks: 35 mm; and
1 trunk: 36 mm. No structural damage to the customized pulmo-
nary leaflet patches after TSVR was observed at both flow outputs
of 4 and 7 l/min.

Pressure

At 4 l/min, there was no difference and equivalence in: mean pul-
monary artery systolic pressure gradient (TOST, P = 0.019; Fig. 3A)
and mean pulmonary artery diastolic pressure gradient (TOST,
P = 0.045; Fig. 3B). At 7 l/min, there was no difference and equiva-
lence in: mean pulmonary artery systolic pressure gradient
(TOST, P = 0.11; Fig. 3A) and mean pulmonary artery diastolic
pressure gradient (TOST, P = 0.095; Fig. 3B).

Echocardiography

Short-axis view. All valves presented with a windmill shape. The
geometric orifice area was not different and not equivalent for the
neo-valve at 4 l/min (TOST, P = 0.10) and 7 l/min (TOST, P = 0.065)
(Fig. 4A). The planimetric cross-sectional sinus area decreased in the
neo-valve in systole and diastole and at both flow outputs (Fig. 4B).

Long-axis view. At both flow outputs, the native valves and the
neo-valves were functional, with absent diastolic jets on colour
Doppler in the long-axis views.

Coaptation length in all 3 echocardiographic views (LC–AC,
AC–RC and RC–LC), increased in the neo-valve both at 4 l/min
(P < 0.001, P < 0.001, P = 0.008) and at 7 l/min (P < 0.001, P = 0.006,
P = 0.006) (Fig. 5A). All leaflets in the neo-valve billow below the
annular plane at both flow outputs (Fig. 5B).

Table 1: In vitro hydrodynamics

Variable 4 l/min 7 l/min

Flowmax (l/min)
Native 3.9 ± 0.2 7.3 ± 0.2
Neo-valve 3.9 ± 0.2 7.3 ± 0.2

Flowmin (l/min)
Native 1.9 ± 0.2 4.0 ± 0.2
Neo-valve 1.9 ± 0.2 3.9 ± 0.5

RVSP (mmHg)
Native 29.0 ± 1.8 48.6 ± 1.8
Neo-valve 28.9 ± 1.1 48.0 ± 1.5

PASP (mmHg)
Native 27.5 ± 2.4 47.2 ± 2.3
Neo-valve 27.4 ± 2.3 46.1 ± 2.5

Values are presented as mean ± SD.
Flowmax: maximum flow; Flowmin: minimum flow; PASP: pulmonary artery
systolic pressure; RVSP: right ventricular systolic pressure; SD: standard
deviation.

mean pulmonary artery systolic gradient
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Figure 3: Grouped bars chart with mean and standard deviation at 4 and
7 l/min: (A) mean systolic pulmonary artery gradient and (B) mean diastolic
pulmonary artery gradient.
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The diameter of the annulus in all 3 echocardiographic views
was not different. It was not equivalent in systole at both 4 and
7 l/min in all 3 echocardiographic views (Fig. 6A). In diastole, it
was only equivalent at 4 l/min in the AC–RC view (TOST,
P < 0.001) and at 6 l/min in the AC–RC (TOST, P = 0.037) and
RC–LC (TOST, P = 0.049) views (Fig. 6B).

DISCUSSION

In children with RVOT malformations, i.e. pulmonary stenosis,
pulmonary atresia and tetralogy of Fallot, transitional treatment
causing residual regurgitation is often performed prior to pulmo-
nary valve replacement. Pulmonary regurgitation results in
chronic volume overload in the right ventricle, which can lead to
exercise intolerance, progressive right ventricular dilatation, ven-
tricular and atrial tachycardia, congestive heart failure and sud-
den cardiac death [2]. These adverse effects call for timely
pulmonary valve intervention [6]. The main important findings in
this study investigating TSVR on the pulmonary valve in a pulsa-
tile flow-loop model are: (i) a sufficient neo-valve; (ii) a non-
stenotic neo-valve; (iii) an increased coaptation length in the
neo-valve; (iv) a windmill shape in the neo-valve; (v) and the leaf-
lets in the neo-valve seem to mimic the motions of the native
pulmonary valve.

To circumvent residual pulmonary regurgitation and to ac-
commodate growth with the child in transitional treatments,

there are a number of expandable valve conduits being investi-
gated [7–9]. A technique of replacing the aortic valve leaflets,
which is developed for the adult population [10] and has been
performed on the pulmonary valve in adults [11], has recently
been described in the paediatric population with isolated con-
genital aortic valve disorders [12]. Sizing of the neo-leaflets in this
technique is based on the intercommissural distance, making it
dependent on the native valve morphology and symmetry. The
neo-leaflets are sutured following the native commissural lines of
insertion. Therefore, a native valve with 3 leaflets of different size
will result in a new valve that is asymmetric. This method could
be particularly problematic in the paediatric population, in which
bicuspid or dome-shaped malformations of the pulmonary valve
are more common. Thus, in a bicuspid valve, a leaflet-by-leaflet
replacement based on the intercommissural distance would re-
sult in a new bicuspid valve. Besides, developed for the adult
population, this technique does not account for somatic growth.

The surgical technique of TSVR is developed specifically for the
congenital population. Sizing of the customized leaflets is based
on the diameter of the STJ, which corresponds to the level of the
free margins of the leaflets. This results in a valve with 3 symmet-
rical sinuses of Valsalva and 3 neo-leaflets identical in shape and
size. In diastole, this causes the midpoint of the free margin of
each neo-leaflet to approach the centre. To achieve this in asym-
metrical valves, the neo-leaflets are reconstructed on new inser-
tion lines drawn inside the pulmonary root with a dedicated
template.

Our study revealed a sufficient neo-valve after TSVR on colour
Doppler and on mean pulmonary artery diastolic pressure gradi-
ent at both flow outputs. A competent pulmonary valve should
minimize dilation of the right ventricle, the otherwise observed
effect of pulmonary valve regurgitation when the right ventricle
is adjusting for the increased stroke volume [13]. A competent
valve in a growing child would delay or even prevent the devel-
opment of related symptoms.

The neo-valve displayed no functional nor geometrical stenosis
reflected by mean pulmonary artery systolic gradient and geo-
metric orifice area at both flow outputs. In the clinic, pulmonary
valve stenosis is diagnosed by determining the pressure gradient
across the valve using echocardiography. Peak gradient should
be below 36 mmHg for mild stenosis. Postponing many early
interventions in the young could allow for enough somatic
growth with the consequent possibility of either percutaneous or
a mechanical pulmonary valve replacement.

The coaptation length was increased and all 3 leaflets billowed
below the annular plane in all 3 echocardiographic views after
TSVR. The neo-leaflets have a shape mimicking the shape of na-
tive leaflets in semilunar valves and are wider and longer than
what has been published on the aortic valve [12]. The windmill
shape seen in the short-axis view (Fig. 7A) and the billowing seen
in the long-axis view (Fig. 7B) are desirable, particularly in the
younger patients, to accommodate growth. In aortic literature,
billowing below the annular plane is described as a type C coap-
tation and has been associated with the risk of mid-term repair
failure [14]. On the contrary, increased coaptation length is a
strong predictor for aortic valve durability [15]. We anticipate
that as the child grows and the diameters of the annulus and STJ
increase, the increased coaptation length will become shorter,
yet remain sufficient and the billowed leaflets will move towards
the annular plane.

The annulus was unaffected by the surgical technique, which is
desirable in RVOT malformations. It did however decrease the

A

B

Figure 4: Box plots and whiskers with median and upper/lower interquartile
range � 1.5 depicting (A) GOA and (B) PCSSA for the native valve and neo-
valve in both systole and diastole at 4 and 7 l/min, respectively. GOA: geometric
orifice area; PCSSA: planimetric cross-sectional sinus area.
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diameter of the STJ, probably due to the closure of the pulmo-
nary artery access. As it did not affect other parameters conclud-
ing competence and stenosis, the small decrease is regarded as
unimportant.

Children are rarely at rest and testing a valve during higher flow
rate comparable to a more active life is important. We tested the
valve at 4 and 7 l/min corresponding to rest and moderate activity.
During increased cardiac output in both healthy and diseased indi-
viduals, there is a disproportionate increase in afterload and wall
stress on the right ventricle during exercise than that on the left ven-
tricle [16]. The function of the neo-valve was unaltered during in-
creased flow output from 4 to 7 l/min. As our neo-valve is
competent and non-stenotic at both ‘rest’ and ‘exercise’, there is a
reduced clinical concern of right ventricular deterioration.

The customized leaflets in this study are made of homologous
glutaraldehyde treated porcine pericardium, due to logistical
constraints. There is an ongoing debate on whether to use glutar-
aldehyde treatment or not. While glutaraldehyde makes pericar-
dium easier to handle, it predisposes increased calcification rate
in young patients [17]. Untreated pericardium is anti-
immunogenic and seems to have histological benefits, serving as
a scaffold for recellularization [18]. But it has been observed to

shrink over time [19]. Consequently, there is a search for the per-
fect reconstruction material. Such a material should be biocom-
patible, strong and flexible to withstand the pressure changes
during the cardiac cycle. It should furthermore not calcify, be
anti-thrombogenic and possess tissue remodelling properties.
Until we have the optimal material for cardiac surgery, we argue
that fresh pericardium should be the preferred choice, especially
under lower pressure conditions.

The neo-leaflets are oversized compared to the native normal
size. Altered anatomy in aortic literature causes the leaflets to be
subjected to increased force and stress [20]. The altered coapta-
tion length and billow of the leaflets will further contribute to the
altered dynamic on the leaflets. This will not be a concern as
long as the pericardium and the suture are stronger than the
forces and stresses subjected to the customized leaflets.
Importantly, the low forces and stresses in this study proved suffi-
cient for a functioning neo-valve.

During the past 2 decades, treatment of children with RVOT
malformations has improved survival and quality of life. These
advancements are dependent on the economic development of
a country [21], why progress mainly benefit children in the devel-
oped world. Having an accessible surgical technique, which

A

B

Figure 5: Box plots and whiskers with median and upper/lower interquartile range � 1.5 depicting (A) coaptation in all 3 echocardiographic views and (B) billow for
each leaflet in all 3 echocardiographic views the native valve and neo-valve at 4 and 7 l/min, respectively.
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achieve a competent valve and allows for some growth, in chil-
dren where frequent follow-up can be challenging, could greatly
benefit patients in developing countries. The customized design
and the material used make TSVR both patient centred and
economical.

TSVR is a method that does more than replace parts of the na-
tive semilunar valve complex. It reconstructs the root to achieve
a symmetric trileaflet valve designed to stay competent with the
growth of the patient.

Limitations

In vitro testing of a new surgical technique is a good method for
proof of concept, prior to animal and human testing. The results
from our study demonstrate that it is feasible to perform TSVR
by replacing the native pulmonary leaflets with customized peri-
cardial leaflet patches. The neo-valve seems to mimic the
motions of the native pulmonary valve, is competent and non-
stenotic and we can therefore speculate that the physiological
conditions of the right side of the heart should remain unaltered
in an in vivo setting. It is important to note that this in vitro model
does not reflect pathologies that usually alter the flow dynamics

in vivo in patient-specific ways. Sizing of the customized leaflet
for TSVR was based on available porcine hearts. It is therefore
not sized to the congenital population in this study, and direct
translation should be performed with caution.

The fluid used for the study was room temperature water, and
not body temperature blood. The difference in viscosity could af-
fect fluid dynamics [22]. The model did not have eddy currents
which are important for valve geometry and avoiding thrombosis
formation in vivo. The increase in flow output was generated by
increasing the stroke volume with no compensatory increase in
frequency, making the piston pump forcefully push water
throughout the in vitro setup at higher flow. Although the pulsa-
tile flow loop model can isolate a biomechanical effect and we
could study the pulmonary trunk from 3 angles with echocardi-
ography, the model is a simplification of the complex interac-
tions between the pulmonary valve and the right side of the

A

B

Figure 6: Box plots and whiskers with median and upper/lower interquartile
range � 1.5 depicting (A) the annulus and (B) the STJ for the native valve and
neo-valve in both systole and diastole at 4 and 7 l/min, respectively. STJ: sino-
tubular junction.

Figure 7: Echocardiographic images of the native and the neo-valve in (A)
short-axis view and a (B) long-axis view.
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heart. This study does not provide mid-long-term results with re-
spect to the durability of the valve.

CONCLUSION

TSVR was achievable in vitro. Hydrodynamic pressure and echo-
cardiographic evaluations demonstrated a sufficient and non-
stenotic neo-valve. The coaptation length increased, the leaflets
billowed below the annular plane and we observed a windmill
shape. We anticipate that as a child grows, the increased coapta-
tion length will become shorter yet remain sufficient, the bil-
lowed leaflets will move towards the annular plane and the
windmill shape will reduce. The results from this proof-of-
concept study warrant further in vivo testing.
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