
Novel Fenestration Designs for Controlled Venous Flow
Shunting in Failing Fontans With Systemic

Venous Hypertension

*Priti G. Albal, *Prahlad G. Menon, *William Kowalski, †Akif Undar, ‡Riza Turkoz,
and *§Kerem Pekkan

*Biomedical Engineering Department, Carnegie Mellon University, Pittsburgh; †Penn State Children’s Hospital and
Bioengineering, Pennsylvania State University, Hershey, PA, USA; ‡Cardiothoracic Surgery Department,
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Abstract: The Fontan procedure is employed as the final-
stage palliation in single-ventricle congenital heart patients
and results in diversion of venous blood directly to the
pulmonary arteries. Fontan patients have been known to
suffer from postoperative systemic venous hypertension,
which in turn is associated with pleural effusions and
protein losing enteropathy, leading to a decreased duration
and quality of life. Despite the ongoing debate on its ben-
efits, a circular fenestration hole (typically 4 mm) establish-
ing a venous shunt to the common atrium is traditionally
employed to relieve venous pressure in the Fontan conduit
and improve early postoperative Fontan hemodynamics.
However, these improvements come at the cost of reduced
oxygen saturation due to excessive right-to-left shunting if
the fenestration is permanent. The ideal “selective” fenes-
tration would therefore limit or eliminate shunt flow at
tolerable systemic venous pressures and allow increased
flow at high pressures. The objective of this study is to
introduce new fenestration designs that exhibit these desir-
able pressure-flow characteristics. Novel plus-shaped and
S-shaped fenestration designs with leaflets are introduced
as alternatives to the traditional circular fenestration, each
having identical effective orifice areas at the fully open
states. In vitro steady leakage flow tests were performed for

physiological flow-driving pressures in order to obtain
pressure-drop versus flow-rate characteristics. In addition,
the leaflet opening kinematics of the plus-shaped fenestra-
tion was investigated computationally using finite element
simulation. Fluid-structure interaction analysis was per-
formed to determine leaflet displacements and pressure-
flow characteristics at low pressures. Further, a lumped
parameter model of the single-ventricle circuit was created
to simulate pulsatile flow conditions For the plus-shaped
fenestration, the flow rate was found to increase nonlin-
early with increased driving systemic venous pressures at
high physiological-pressure drops which did not cause the
leaflets to fully open, and linearly for low driving pressures.
These results indicate that leaflets of the plus-shaped fen-
estration design activated passively after a critical systemic
venous pressure threshold. This feature is ideal for mini-
mizing undesirable excessive venous shunting.A large vari-
ability in shunting flow rate may be obtained by changing
the shape, thickness, size, and material of the fenestration to
suit requirements of the patient, which can further limit
shunt flow in a controlled manner. Key Words: Fontan
surgery—Fenestration—Systemic venous hyperten-
sion—Venous flow shunting.

The Fontan operation is the primary surgical tech-
nique employed to palliate cyanotic congenital heart

defects. The mixing of venous and arterial blood is
eliminated by rerouting the caval flow directly to the
pulmonary artery instead of through the common
atrium (1–3). Since its introduction in 1971 (3), the
Fontan operation has undergone several modifica-
tions (4,5). In cases of systemic venous hypertension
(6), a fenestration hole is included in the Fontan con-
nection for right-to-left flow shunting (7,8), therefore
relieving the increased pressures similar to a pop-up
valve. In an intracardiac (lateral tunnel) Fontan, the
fenestration is placed in the intra-atrial baffle (9). In
an extracardiac conduit Fontan, the fenestration is
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generally placed by performing a 4–5-mm side-to-
side anastomosis between the conduit and the right
atrial free wall (10).The addition of a fenestration has
been shown to decrease postoperative morbidity and
mortality rates in high-risk patients (11). Further
benefits of adding a fenestration is to improve CO as
well as a lower incidence of protein-losing enteropa-
thy, decreased pleural drainage, and shorter hospital-
ization time (7,8,12). However, these advantages
come at the expense of lower systemic oxygenation,
the theoretical risk of thromboembolism, reduced
exercise capacity, and the potential need for interven-
tion to close the fenestration (13). During follow-up
studies, patients with fenestrated Fontan connections
have been observed to have excessive right-to-left
shunting due to insufficient resistance to flow at the
fenestration (14,15). In spite of its clinical impor-
tance, the fenestration flow dynamics have not been
investigated using state of the art bioengineering
tools and generally ignored in computational con-
genital heart disease modeling studies.

The present study explores novel fenestration
designs with a passive opening feature that has poten-
tial to mitigate excessive venous flow shunting at low
systemic pressure levels. The focus of initial design
efforts culminated in a four-leaflet (plus-shaped)
baseline fenestration configuration as well as a novel
S-shaped fenestration design, which offer greater
pressure-driven shunt flow control. Fenestration leaf-
lets offer resistance to outflow at low systemic venous
pressures (<5 mm Hg) (9), and the passive leaflet
function is designed to activate at venous pressures in
excess of 5 mm Hg, therefore preventing excessive
shunting through the fenestration.

MATERIALS AND METHODS

Fenestration geometry and prototypes
Fenestrations were constructed using material

from a standard 22-mm polytetrafluoroethylene
(PTFE) tube graft (Gore-Tex; W.L. Gore and Assoc,
Flagstaff, AZ, USA) having a sheet thickness of
1/32″. Different incision shapes were made onto the
PTFE sheet so as to create fenestrations having
plus-shaped, S-shaped, and circular configurations.
To create the plus-shape, two orthogonal 4-mm inci-
sions were made, enclosing a small finite space
between leaflets when in their closed position; this
design is therefore referred to in this paper as the
“4-mm plus-shaped” fenestration. To create the
S-shape, two semicircular incisions of 1.6 mm were
made to form an S-shape. The fully open effective
orifice areas of all geometries are set to be equal.
Figure 1 illustrates the tested fenestration configu-

rations and depicts their respective closed and
expected open states (with no buckling effects),
when viewed normal to the outflow direction.

In vitro experimentation
For bench-top experiments, the PTFE sheet with

the cutout fenestration was inserted between two
tubes such that the fenestration was aligned with the
center of the tube (Fig. 2b). Even though in the actual
fenestration, dynamics are driven by static pressures
acting at the Fontan conduit/baffle walls, in our
experimental setup, fenestration dynamics were
studied for leaflet opening using dynamic pressures
encompassing the range of expected static pressures
experienced by typical failing Fontan patients with
hypertension. The leaflet dynamics are likely to
remain similar in the patient-specific configuration.

Blood-analog glycerol with a dynamic viscosity of
3.2 mPa.s and density of 1060 kg/m3 was used as the
working fluid. The pressure head in the in vitro flow
setup consists of a container calibrated to different
pressures (by height of fluid column). This container
was calibrated accurately and reliably using digital
pressure sensors for pressures ranging from 3 mm Hg
to 50 mm Hg. The container is connected to the fen-
estration through a tube, and the outlet is left open to
atmospheric pressure. The latter represents the atrial
pressure, that is, the reference pressure for this flow
setup (zero gauge pressure). The flow setup is illus-
trated in Fig. 2a. In order to obtain the required
upstream pressure, Hoffman clamps were employed
at the outflow side until the overall pressure in the
circuit increased. The clamp was subsequently
removed for measurement of pressure and flow rate
as the flow past the fenestration is stabilized. Four
readings were taken for every pressure setting.

Pressure was measured upstream close to the fen-
estration (about 5 equivalent diameters) and far

FIG. 1. Intra-atrial lateral tunnel Fontan conduit (left) showing a
fenestration shunting venous flow to the atrium (adapted from
[16]). Closed and idealized fully open configurations of different
fenestration designs when viewed normal to the outflow direction
are illustrated.
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downstream (>50 equivalent diameters) of the
fenestration hole using TruWave disposable pressure
transducers (Edwards Life Sciences, Irvine, CA,
USA) attached to a multichannel differential ampli-
fier (WPI, Inc., Sarasota, FL, USA) in full bridge
configuration. Flow rate thorough the tube was mea-
sured using transonic flow probes (6XL and 9XL,
Transonic, Inc., Ithaca, NY, USA). A dedicated data
acquisition module NI USB-229 (NI, Inc., Austin,
TX, USA) with 16-bit resolution and multiplexing
capabilities was employed for sampling and record-
ing data at 100 Hz. The experiments were performed
for plus-shaped, S-shaped, and circular type fenestra-
tion designs in order to compare their outflow char-
acteristics. A glass-viewing window was placed just
before the outlet of the setup in order to observe the
dynamics of leaflet opening for increasing venous
pressures (17).

Fluid-structure interaction (FSI) model
In order to acquire the detailed three-dimensional

(3D) leaflet shape and effective orifice area, a finite
element computer model of the 4-mm plus-shaped
fenestration, as in the experimental setup, was devel-
oped using the Parasolid geometry engine within

ADINA software (Watertown, MA, USA). The four
leaflets of the plus-shaped fenestration were approxi-
mately quadrants enclosing a rest state opening of
0.84 mm2. The thickness of the leaflets was consid-
ered as 100 mm. FSI simulations were conducted
using the finite element technique considering 3D
solid elements for the leaflets with mechanical
properties of PTFE (Young’s Modulus: 0.55 mPa,
density: 2160 kg/m3), under assumptions of small-
displacement constituent formulation and linear,
elastic, and isotropic material properties. PTFE was
modeled as an elastic incompressible material for
only small strain. The finite element volumetric mesh
was composed of ~3300 3D solid elements (10 nodes
per element). Fixed boundary conditions were
applied at the circumferential surfaces of the fenes-
tration. All fluid contacting surfaces were specified as
flow structure interaction surfaces.

The fluid model (Fig. 3b) was created by perform-
ing a Boolean subtraction operation of the fenestra-
tion from a tube of 5 mm diameter such that the
fenestration was positioned normal to the flow in
the cylinder, similar to experimental conditions. The
finite element model for the fluid domain consisted of
~250 000 tetrahedral elements.The fluid was modeled

FIG. 2. In vitro experimental test rig. (a)
Schematic of experimental setup includ-
ing a pressure calibrated container, a
PTFE sheet with the fenestration, glass
view to record leaflet kinematics, flow
sensors to measure flow rate through the
fenestration, and pressure sensors to
measure upstream/downstream pressure.
(b) PTFE sheet with a 4-mm plus-shaped
fenestration coaxially inserted between a
transparent tubing pair. (c) Fenestration
opening at 25 mm Hg of pressure.

FIG. 3. (a) Solid model of a 4-mm plus-
shaped fenestration positioned normal to
a cylindrical tube having 5 mm inner diam-
eter. (b) Fluid region of the leaflet model
for FSI created by performing a Boolean
subtraction operation from a tube of 5 mm
inner diameter.
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as an incompressible laminar viscous fluid with con-
stant properties (m = 3.71 mPa.s, r = 1060 kg/m3). Dis-
placement compatibility and traction equilibrium
along the structure-fluid interfaces were satisfied by
iterative FSI coupling. Normal traction boundary
conditions were applied at inlet and outlet faces of
the fluid model (zero traction enforced at outlet).

Transient FSI simulations using ADINA were con-
ducted to simulate leaflet opening for different inlet
face pressures encompassing a range that induced
small displacements in the immersed leaflets. The
mesh density of the fluid and solid models were
arrived at by trial and error in order to ensure that
overlapping elements did not occur at any point
during the simulation.To verify these results, a coarse
one-way fluid-to-solid coupled simulation was
conducted in ANSYS Workbench 14 (ANSYS,
Inc., Canonsburg, PA, USA) by coupling a fluid
model in ANSYS Fluent with the static structural
model in ANSYS Mechanical, also employing the
small-displacement formulation and linear,
elastic, isotropic material properties. A two-way
coupled FSI simulation considering a nonlinear,
large-displacement, elastic constituent formulation
with isotropic material properties was also conducted
in ANSYS Workbench 14 to estimate more realistic
leaflet displacement values at low fluid pressures.The
volumetric fluid mesh comprised of 70 000 tetrahe-
dral elements and the solid fenestration leaflets was
composed of 200 hexahedral elements.

For large leaflet displacements in thick leaflets,
transient opening of the leaflets was verified using a
simple solid mechanics model (300 shell element,
1020 nodes) having a shell finite element formula-
tion. The shell element model is ideal for large dis-
placements and rotations but small strains, for the
same mechanical and material properties with a shell
thickness of 1000 mm. Pressure loading was applied
normal to the fenestration as well as radially out-
wards. Linearly increasing pressure loading was
applied to compute the time-resolved leaflet dis-
placements and open leaflet shape configuration
similar to our observations from the viewing window
in our in vitro experiments.

Lumped parameter modeling—experiment
verification for pulsatile flow

In order to verify experimental pressure-drop
versus flow-rate characteristics and also examine
effects of flow pulsatility at the circulation system
level, we simulated an electric circuit analog of the
single ventricle (SV) cardiovascular system using a
lumped parameter model (LPM) previously devel-
oped by our group (18,19). This model is similar to

the formulation described by Peskin and Tu (20) and
has been used extensively to study normal and
diseased patient cardiovascular configurations
(18,20,21). In this model, arteries, veins, and ventricles
are treated as pure time-dependent compliance
chambers with lumped capillary and valve resis-
tances. The instantaneous flow and pressure from
chamber i to chamber j are evaluated by solving the
following set of differential equations:

Q P P
R

Sij j i
ij
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1
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Pi, Qi, and Ci are the pressures, flows, and compliances
in chamber i; Rij and Sij are the resistances and
switches enforcing the directionality of flows, respec-
tively.The differential equation was solved iteratively
for each chamber until pressure convergence.

We adapted our previous baseline model of the
SV physiology to include a fenestration connection
(Fig. 4). In the basic SV circuit, there is a chamber for
the SV, systemic artery bed (SAB), systemic venous
bed (SVB), pulmonary artery bed (PAB), pulmonary
venous bed (PVB), and common atrium (SA), i.e.
n = 6. Each of these chambers had compliance and
resistance components. The total cavopulmonary
connection (TCPC) is treated as a serial resistance
within the SVB chamber, such that the total resis-
tance to flow between the SVB and PAB compliance
components is RSVB + RTCPC in series. The fenestra-
tion is treated similarly, acting as a serial resistance
between the SVB and SA compliance components
(Fig. 4). The parameters governing the systemic and
pulmonary circulations were calibrated to produce
3.8 L/min cardiac output (CO), with a mean arterial
pressure (MAP) and mean pulmonary artery pres-
sure (PAP) of 96 and 7 mm Hg, respectively. These
values were based on clinical data obtained from
cardiac catheterization (22). Common atria and ven-
tricles were modeled as time-varying compliance
chambers where pulsatile pressure was generated via
functions that alternate between systolic (stiff) and
diastolic (relaxed) ventricular properties. These acti-
vation functions govern the systolic and diastolic con-
traction of the myocardial muscle. The compliance
values were computed from the following equations:
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where E is the load of each chamber, TC (0.0025 min)
and TR (0.00075 min) are the time constants
governing the contraction and relaxation of the
myocardial muscle during systole and diastole. T is
the duration of one cardiac cycle (1/heart rate),
TS is the length of systole (T/3), and t is the current
point in the cardiac cycle. Systole and diastole were
switched for modeling atrial contraction. CVD and
CVS were the minimum and maximum compliance
values of the chamber. Mitral (RMI) and aortic
(RAO) valve resistances were assigned values of
0.01 mm Hg/(L/min) in the forward flow direction
and infinite resistance in the reverse direction to
model one-way flows. We assigned a heart rate of
70 bpm, modeling a resting state. Central venous
pressure (CVP) was varied from 7 to 33 mm Hg,

encompassing normal to hypertensive cases. For each
CVP, RSAB, and RSVB were adjusted to maintain the
CO, MAP, and PAP listed previously.We considered a
CVP of 13 mm Hg as the baseline model, with
parameters given in Tables 1a,b.

The 3.2-mm-diameter circular fenestration and the
proposed plus-shaped design is simulated by chang-
ing the fenestration resistance (Rfen) as per the
experimentally determined pressure-flow character-
istics. To model a circular fenestration, we applied
a constant resistance value of 16 mm Hg/(L/min),

FIG. 4. Schematic of the single-ventricle, lumped parameter model circuit with fenestration. PVB, pulmonary venous bed; PAB, pulmo-
nary artery bed; SA, single atrium; SV, single ventricle; SAB, systemic artery bed; SVB, systemic venous bed; TCPC, total cavopulmonary
connection; MI, mitral valve; AO, aortic valve; R, resistance; C, compliance.

TABLE 1a. Parameters used in the lumped parameter
analysis for the single-ventricle circulation

LPM parameters for systemic and pulmonary circulation

Compliance (L/mm Hg)
CSAB 0.001
CSVB 0.3325
CPAB 0.00412
CPVB 0.08

Resistance (mm Hg/(L/min))
RSAB 19.5
RSVB 3.04
RPAB 0.8
RPVB 0.11
RTCPC 0.39

PVB, pulmonary venous bed; PAB, pulmonary artery bed; SAB,
systemic artery bed; SVB, systemic venous bed; TCPC, total cavo-
pulmonary connection; R, resistance; C, compliance.
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which was computed by fitting a straight line to our in
vitro test data. The nonlinear pressure-flow charac-
teristics due to effects of leaflet opening in the new
plus-shaped designs required Rfen to vary with the
pressure drop across the fenestration. Flow through
the fenestration and the pulmonary to systemic flow
ratio (Qp/Qs) were compared over the CVP pressure
range to determine the effects of our plus-shaped
design. QP/QS served as an index for systemic oxygen
delivery and is a major factor in patient survival
(22,23).

RESULTS AND DISCUSSION

In vitro experimentation
Measured and computed venous pressure versus

flow-rate characteristic curves were plotted to encom-
pass the possible range of leaflet motion and pressure
(Fig. 5).Through this plot, it was possible to quantita-
tively determine the operational pressure ranges of
the new fenestration design and its passive function in
mitigating excessive shunting when compared with a
standard circular fenestration without leaflets. All
results were dynamically scaled in order to compute
equivalent pressure drop versus flow rate of blood.
Downstream flow rates for the circular fenestrations
increased linearly with pressure drop at physiological
pressures (3–30 mm Hg) and matched theoretical Poi-
seulle flow values. At higher pressures (>30 mm Hg),
the venturi effect due to the centrally located fenes-
tration in the tubing of the experimental setup became
more pronounced. In contrast, the pressure-flow char-
acteristics for the 4-mm plus-shaped fenestration were
fit to a nonlinear second degree polynomial. At pres-
sures lower than 5 mm Hg the flow rate could be
approximated to hold a linear relationship with pres-
sure, due to limited leaflet motion, that is, leaflets
remained at a state of quasi-equilibrium until a critical
threshold pressure drop beyond which leaflet opening

became more significant.This is further adjusted with
the choice of material. The pressure-flow characteris-
tics far downstream for the S-shaped fenestration fit to
a second degree polynomial curve as well and were
observed to have similar effectiveness as the plus-
shaped design in mitigating shunting at low pressures.
At higher pressures (5–50 mm Hg), leaflets were
observed to begin opening more completely therefore
causing flow rate to increase nonlinearly with change
in pressure, on account of a changing effective orifice
area. The S-shaped fenestration performed better at
avoiding low-pressure shunting flow, because it had
lesser open area at rest state in comparison with the
4-mm plus-shaped fenestration. At very high pres-
sures, the flow characteristics for both plus-shaped
and S-shaped fenestrations became linear due to com-
plete opening of fenestration leaflets.

FSI model
Shunting flow rates and leaflet displacements

observed at extremely low venous pressures
(1–3 mm Hg) were possible to determine from the
FSI modeling whereas flow at higher pressure was
found from in vitro experiments. Numerical modeling
allowed us to examine the fenestration leaflet kine-
matics during the opening process in 3D using FSI for
100-mm thick leaflets. Similar pressure–flow rate char-
acteristics were obtained from ADINA as well as
ANSYS one-way coupled and two-way coupled
simulations for the modeled driving pressure range,
although different leaflet displacement values were
observed between small and large displacement con-
stituent formulations, as expected.The maximum dis-
placement simulated with the ADINA FSI model for

TABLE 1b. Parameters used in the lumped parameter
analysis for the single ventricle

LPM parameters for single ventricle

Compliance (L/mm Hg)
CVDSV 0.0146
CVSSV 0.00003
CVDSA 0.001
CVSSA 0.0003

Resistance (mm Hg/(L/min)
RMI 0.01
RAO 0.01

SA, single atrium; SV, single ventricle; MI, mitral valve; AO,
aortic valve; R, resistance; CVS, minimum compliance values of the
chamber; CVD, maximum compliance values of the chamber.

FIG. 5. Pressure-drop versus flow-rate characteristics for a
4-mm plus-shaped fenestration (red +) plotted along with results
from ADINA FSI modeling (black *) at low pressure drops during
the opening phases of the fenestration. Characteristic curves for
a 3.2-mm circular fenestration (green) and S-shaped fenestration
(black) are also plotted.
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3 mm Hg pressure drop was 0.13 mm and compa-
rable displacement values were obtained from
ANSYS one-way coupled FSI simulations (Fig. 6).
Nonlinear buckling is not modeled in these two cases.
However, for a pressure drop of 10 mm Hg, a peak
displacement was 0.67 mm using the small-
displacement models, whereas the same peak dis-
placement was reported in the two-way coupled
model for a lower fluid driving pressure
(~0.1 mm Hg).This discrepancy is due to the fact that
a thinner 100-mm leaflet was modeled and the large-
displacement model considered nonlinear structural
effects. These displacement values are likely to be
more realistic; however, in our experiments, thicker
(~770 mm thick) leaflets were used, which are likely to
have been structurally displaced relatively less.

The loading conditions for this model are analogous
to a cantilever beam with varying area of cross section
under uniformly distributed load conditions. In the
analytical solution for displacement (d) by the canti-
lever analogy for leaflet motion, d is directly related to
the point loading force (F) applied and the cube of the
length of beam (i.e., the span/radius of the leaflets, L),
but inversely related to the modulus of elasticity (E)
and area moment of inertia of the leaflet cross section

(I), that is, δ =
FL
EI

3

3
. Since the leaflet cross section is

best approximated as a rectangle of varying area from
base to tip of the leaflet, area moment of inertia is
expected to be related to the cube of the leaflet thick-
ness. Applying the cantilever analogy for leaflet
motion to the nonlinear FSI result, for about
10 mm Hg (i.e., 100¥ the nonlinear FSI model loading
conditions) considering 770-mm thick leaflets, the
expected displacement along the direction of the
cylindrical tube would be ~0.2 mm. Therefore, at
25 mm Hg, a 0.5 mm displacement is expected, which
is comparable with our experimental observations.
Therefore,although the FSI models were all proficient
at obtaining pressure-flow characteristics, the leaflet
displacement predictions and the choice of material
models requires more thorough experimental valida-
tion. This may be achieved by experimental time-
resolved 3D leaflet motion studies in future.

At small leaflet sizes, operation without nonlinear
leaflet structural movement or buckling is a desirable
characteristic for minimizing excessive venous shunt-
ing at lower pressures; however, at high pressures,
leaflet buckling might be unavoidable. The buckling
potential of leaflets is expected to be a function of
leaflet size and leaflet aspect ratio. Minor devia-
tions of FSI pressure-flow results (see Fig. 5) from
experimental trends may be accounted for due to
possible differences between the mechanical proper-

ties modeled using finite element analysis and the
true experimental leaflet material.

The shell-based formulation of transient solid
mechanics of the fenestration leaflets helped reveal
the 3D surfaces expected during leaflet opening (see
Fig. 7). Leaflet displacement was found to have an
inverse relationship with thickness of leaflets, similar
to predictions from the cantilever analogy.Therefore,
leaflet sensitivity to systemic venous pressure may be
designed by an appropriate adjustment of leaflet
thickness.

Lumped parameter modeling
Values for the baseline LPM case, with CVP of

13 mm Hg, were compared with our experimental
results to verify performance of the flow loop. The
average pressure drop across the fenestration over
the cardiac cycle was 9 mm Hg, and average flow
through the fenestration was 76 mL/min for the cir-
cular fenestration and 52.8 mL/min for the plus-
shaped design. These flow values are nearly identical
to those measured experimentally for the same pres-
sure drop as expected (Fig. 5). CVP was then varied
from 7 to 33 mm Hg. As CVP increased, so did the
resistance of the plus-shaped fenestration, according
to the relationship in Fig. 8a. Flow rate through the
fenestration was considerably less at higher CVP
(>5 mm Hg), due to the increased resistance at higher
pressures (Fig. 8b). The variation in pressure drop
across the fenestration observed during pulsatile flow
conditions (Fig. 8d) remained approximately the
same regardless of the shape (circular or plus-
shaped) in the LPM. The dynamic resistance of the
plus-shaped fenestration provided as an input to the
LPM was associated with the variations observed in
the fenestration flow rate at the same effective orifice
area. The varying resistance offered by virtue of
opening leaflets of the plus-shaped fenestration
manifested itself in the corresponding flow-rate
waveforms in the form of a diminished difference
between minimum and maximum recorded flow rates
over a cardiac cycle (0.01 L/min), in comparison with
the 3.2-mm circular fenestration (0.08 L/min). The
mere presence of the leaflets themselves led to an
overall increased resistance to shunting flow, which
resulted in decreased mean flow across the plus-
shaped fenestration, in comparison with the equiva-
lent circular shape. This feature of the new plus-
shaped design is desirable, as it reduces right-left
shunting at hypertensive CVP.The reduction in Qp/Qs

at higher CVP was less dramatic for the plus-shaped
versus circular fenestration shape (Fig. 8c).

Immediately postoperative to Fontan surgeries
involving a cardiopulmonary bypass, pulmonary
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vascular resistance is high, which leads to an
increased systemic venous pressure. Given the
pressure-controlled shunting flow that the new fen-
estration designs offered, a four-leaflet, plus-shaped

fenestration or a bi-leaflet, S-shaped design similar to
the ones tested in this study may be integrated
with the standard Fontan conduit design in order to
relieve high postoperative venous pressures in the

FIG. 6. Applied pressure gradient (a) and corresponding longitudinal velocity profile (b), as obtained from ADINA FSI modeling for small
leaflet displacements of a 4-mm plus-shaped fenestration. (c) Magnified velocity vectors colored by scaled velocity magnitude in a
longitudinal slice through fenestration as obtained from ANSYS simulation for a two-way coupled large-displacement model, for the same
pressure drop. Fenestration surfaces are colored by magnitude of total displacement along the axis of the pipe.

FIG. 7. Opening of leaflets simulated with shell-solid mechanics subject to simulated pressure loading. Magnitude of total displacement
colored on the fenestration surface.
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Fontan connection while simultaneously limiting
excessive shunting at low pressures. This may also
help in controlling hypoxia. Another benefit of the
leaflets is their potential for spontaneous closure by
virtue of neointimal formation at the leaflet bound-
aries, when the systemic venous pressures are consis-
tently low enough to insufficiently open the leaflets.
Tissue-engineered Fontan grafts (23) have indicated
likelihood of self-endothelialization in recent clinical
studies (24) and therefore could be explored as a
promising alternative material.

Thrombus formation at the leaflets proposed in
the new fenestration designs is an important crite-
rion for the design of new fenestrations with leaflets
that could not be evaluated with the blood-analog
experiments reported in this study. Thrombogenesis
may potentially be a fatal complication and studies
conducted on prosthetic heart valves have indicated

that such incidents may occur as high as 20% of the
time for right heart prostheses, although thrombo-
genic events have been reported to be rarer in left
heart prostheses (25). In order to mitigate such risks
at the proposed fenestration leaflets, further in vitro
experimental tests with blood are therefore strongly
warranted. Likewise, regular echocardiography
evaluations are also needed for complete hemody-
namic performance analysis of the new fenestrated
Fontan conduits employing leaflet designs. Pulsatile
fenestration flow will establish good leaflet mobility
and may reduce thrombogenic risk.

CONCLUSION

Although there are advantages of introducing a
fenestration in a failing Fontan, excessive venous
flow shunting is undesirable. The new fenestration

FIG. 8. Pulsatile hemodynamic results obtained from LPM. (a) Fenestration resistance versus central venous pressure for a 4-mm
plus-shaped and 3.2-mm circular fenestration. The circular fenestration has a constant resistance of 16 mm Hg/(L/min) as specified from
experiments. Resistance of a 4-mm plus-shaped fenestration is modeled as a nonlinear function of change in pressure drop across the
fenestration (b) Flow rate versus central venous pressure for a 4-mm plus-shaped fenestration and 3.2-mm circular fenestration. (c) Ratio
of pulmonary flow rate and systemic flow rate versus central venous pressure. (d) Pulsatile flow rate across the different fenestrations
(having the same effective orifice area) for the same pulsatile pressure gradient waveform plotted over five cardiac cycles.
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proposed in this study is an alternative to overcome
this limitation by mitigating controlled shunting at
low pressures using passive leaflet designs. Hence,
this fenestration configuration may be adopted as
part of a standard Fontan conduit for pressure-
controlled shunting functionality, pending standard
blood damage and thromogenesis assessment. To
achieve the desired patient-specific opening and
flow characteristics, it is further possible to modify
the fenestration design by altering size, thickness,
and material of the leaflets. The leaflets in the pro-
posed fenestration designs may potentially facilitate
spontaneous and permanent leaflet closure by
neointimal formation when systemic venous pres-
sures are consistently low enough. Present studies
are focused at analyzing the several different fenes-
tration design concepts in order to seek an optimal
leaflet shape and configuration offering minimum
orifice area at rest state and more precise control
over leaflet-activation pressures for improved
control over shunting flow functionality and tailor-
ing for patient-specific situations. Experimental
observation of leaflet opening for each of the tested
fenestration configurations using stereoscopic
imaging techniques is necessary in order to fully
validate preliminary computational models.
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