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Koç University,

Rumeli Feneri Campus, Sarıyer,

Istanbul 34450, Turkey

e-mail: kpekkan@ku.edu.tr

Increased Energy Loss Due to
Twist and Offset Buckling of the
Total Cavopulmonary Connection
The hemodynamic energy loss through the surgically implanted conduits determines the
postoperative cardiac output and exercise capacity following the palliative repair of
single-ventricle congenital heart defects. In this study, the hemodynamics of severely
deformed surgical pathways due to torsional deformation and anastomosis offset are
investigated. We designed a mock-up total cavopulmonary connection (TCPC) circuit to
replicate the mechanically failed inferior vena cava (IVC) anastomosis morphologies
under physiological venous pressure (9, 12, 15 mmHg), in vitro, employing the commonly
used conduit materials: Polytetrafluoroethylene (PTFE), Dacron, and porcine pericar-
dium. The sensitivity of hemodynamic performance to torsional deformation for three
different twist angles (0 deg, 30 deg, and 60 deg) and three different caval offsets (0 diam-
eter (D), 0.5D, and 1D) are digitized in three dimensions and employed in computational
fluid dynamic (CFD) simulations to determine the corresponding hydrodynamic efficiency
levels. A total of 81 deformed conduit configurations are analyzed; the pressure drop val-
ues increased from 80 to 1070% with respect to the ideal uniform diameter IVC conduit
flow. The investigated surgical materials resulted in significant variations in terms of
flow separation and energy loss. For example, the porcine pericardium resulted in a pres-
sure drop that was eight times greater than the Dacron conduit. Likewise, PTFE conduit
resulted in a pressure drop that was three times greater than the Dacron conduit under
the same venous pressure loading. If anastomosis twist and/or caval offset cannot be
avoided intraoperatively due to the anatomy of the patient, alternative conduit materials
with high structural stiffness and less influence on hemodynamics can be considered.
[DOI: 10.1115/1.4035981]
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1 Introduction

Congenital heart defects display a large spectrum of severity
and impact 8 in 1000 newborns worldwide [1]. Associated surgi-
cal repair techniques evolve steadily, which are centered on the
palliative total cavopulmonary connection (TCPC), introduced by
de Leval et al. [2]. Extracardiac (EC) TCPC is the most common
surgical template where the superior vena cava (SVC) is con-
nected to the superior aspect of the right pulmonary artery (RPA)
and the inferior vena cava (IVC) is anastomosed to the RPA by
using a thin artificial conduit [3]. The typical and most widely
used conduit material is polytetrafluoroethylene (PTFE; Gore-
Tex, WL Gore & Associates, Newark, NJ). Additional commonly
used materials include the porcine pericardium and polyethylene
terephthalate (Dacron; DuPont, Wilmington, DE) vascular grafts.
Earlier studies have shown that the geometric configuration of
TCPC is the main factor in determining the hemodynamic effi-
ciency and the total cardiac output [4–7]. Both in vitro experi-
ments [8–10] and computational fluid dynamics (CFD) studies

[11–13] have been conducted previously to investigate the
patient-specific flow fields and efficiency in different TCPC surgi-
cal templates; however, these studies mostly ignored the mechani-
cal effects of different surgical materials. Using biaxial soft-tissue
testing protocols, the mechanical characterization of general sur-
gical materials has been investigated; however, to our knowledge,
their effects on the internal flow structures have not been
evaluated [14–16].

Due to the growing number of adult patients with “failed”
Fontan physiology [17], the hemodynamics of patient-specific
conduits of critically ill patients recently gained interest. Particu-
larly, studies focusing pulmonary arteriovenous malformations
[18] and the hemodynamics of adult Fontan conversion templates
for failed Fontan patients are conducted through computational
fluid dynamics [19]. The severely kinked TCPC conduits, associ-
ated with patients in critical condition, are not routinely recruited
for hemodynamic research studies due to practical or ethical con-
cerns. Nevertheless, in an earlier work we used hypothetical
computer-generated configurations to analyze the hemodynamics
of TCPC conduit models that were severely compressed and
kinked [20]; the results showed that the actual, less-than-optimal
TCPC pathways could lead to significant blood flow resistance
and thus deserved a systematic analysis. These findings received

1G. N. Oguz and S. Piskin contributed equally to this work.
Manuscript received August 1, 2016; final manuscript received January 27, 2017;

published online May 3, 2017. Assoc. Editor: Marc Horner.

Journal of Medical Devices JUNE 2017, Vol. 11 / 021012-1Copyright VC 2017 by ASME

Downloaded From: http://medicaldevices.asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/journals/jmdoa4/936231/ on 05/08/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



clinical recognition [21], in spite of the fact that the computer-
generated anatomies employed were not realistic and could not
provide a conclusive decision. Therefore, the present study is con-
ducted to understand and quantify the effects of realistic but
“undesired” Fontan conduit pathways on hemodynamics and ener-
getic performance. In pursuit of this objective, a static mock-up
TCPC circuit is designed to replicate and study the mechanically
failed IVC morphologies under physiological venous pressures.
Commonly used conduit materials are investigated, including the
PTFE, Dacron, and porcine pericardium, both computationally
(i.e., CFD) and experimentally (i.e., bi-axial testing). The effects
of twist angle, caval offset level, and intramural venous pressure
on torsional buckling and cardiovascular surgical conduit kink are
analyzed in terms of postoperative hemodynamics performance.

The paper is organized as follows: In Sec. 2, static mock-up cir-
cuit and three-dimensional (3D) geometry digitization and hemo-
dynamics calculations via CFD are presented. In Sec. 3, the
hemodynamic effects of conduit anastomosis configurations on
postsurgery performance are determined and compared using the
CFD model together with the estimated critical deformation
angles of IVC conduits. In Sec. 4, the hemodynamic performance
of conduits are compared and analyzed in detail with the limita-
tions of the present study. Finally, suggestions are provided for
the specific surgical utility and avenues for possible future studies
are presented in Sec. 5.

2 Methodology

2.1 Static Mock-Up Pressure Setup and the 3D Conduit
Shapes. Physiological venous pressure levels are applied to the
TCPC conduit through a custom mock-up circuit in vitro (Fig. 1).
Conduits having 6.5 cm in length and 20 mm in diameter are
mounted vertically and positioned as in the actual surgery. The
articulated arms of the experimental setup allowed the replication
of any intraoperative caval offset and anastomosis twist angles,
simultaneously, with an accuracy of 61 mm and 62.5 deg,
respectively.

Caval offset is defined as the distance between the radial cen-
ters of SVC and IVC, which is replicated in our mock-up flow

loop. Before the Fontan operation, IVC and SVC are approxi-
mately aligned for almost all of the patients (except in some cases
they will differ especially due to the difference between SVC and
IVC diameters). In the experimental setup, the lower articulated
arm resembles the IVC inlet and kept fixed at hepatic veins but
the upper articulated arm resembles PA anastomosis end and it
was free to move “as is” in the surgery. All offsets are replicated
according to a hypothetical SVC axis using the upper articulated
arm. Likewise, the twist is applied in the desired direction as in
Figs. 1 and 2 under the “zero stress state.” Offset level and twist
angle are used as the main parameters of the geometric configura-
tions in the current study.

Three-dimensional shapes of possible EC TCPC conduit failure
modes are replicated under the three intramural pressure levels, 9,
12, and 15 mmHg, covering the healthy (12 mmHg) and progres-
sively failing Fontan disease (9 and 15 mmHg) states. Uncertainty
analyses of pressure measurements lead an accuracy of
60.1 mmHg. Three caval offset levels of 1 diameter (D), 0.5D,
0D, and three relative PA-IVC anastomosis twist angles (0 deg,
30 deg, and 60 deg) are specified, resulting in a total of 81 cases
for the three different conduit materials: PTFE, porcine pericar-
dium, and Dacron. The range of twist angles and offset values are
decided based on surgeon’s experience and cover a broad scope of
the possible intraoperative scenarios.

Three-dimensional geometries of all resulting conduit shapes
are scanned using an industrial laser scanner (Breuckmann
SmartScan R5, Aicon 3D Systems, Braunschweig, Germany) to
obtain the deformed surface of the 3D domain for flow simula-
tions under defined static venous pressures.

2.2 Computational Fluid Dynamics Simulations. The 3D
geometries of scanned TCPC pathway configurations are recon-
structed using GEOMAGIC STUDIO (Raindrop Geomagic Inc., Rock
Hill, SC). For brevity, among the 81 deformed configurations, we
only present the results of 13 representative kinked conduit geo-
metries in this manuscript (11 PTFE, 1 Dacron, and 1 porcine per-
icardium). Three of the 13 configurations are specifically
identified among 81 states by the pediatric cardiovascular surgeon
due to their close resemblance to the conduit geometries that have
been observed intraoperatively.

High-quality tetrahedral grids are generated using POINTWISE

V16.04 (Pointwise, Inc.) both for an idealized constant diameter

Fig. 1 Schematic static mock-up setup used to acquire three-
dimensional nonfunctional conduit shapes (left). The setup is
filled with a blood analog fluid. The height of the fluid column is
adjusted to apply the required venous pressure level via gravity,
and the pressure is measured by taking average of the data
from the two pressure transducers. On the right, the PTFE con-
duit mounted to the setup corresponds to the surface deforma-
tions under 9 mmHg pressure. The baseline configuration
shown on the left is a straight cylindrical conduit at zero-stress
state. The configurations located at the middle and right have
caval offset and pulmonary artery anastomosis twist in the
specified directions, respectively. The conduit surfaces are
marked with a uniform grid to improve three-dimensional laser
scanning. IVC: inferior vena cava, PA: pulmonary artery.

Fig. 2 The deformation of porcine pericardium conduit
mounted to the setup with three different configurations under
15 mmHg venous pressure is presented. All three configura-
tions have 1D caval offset in the direction shown but variable in
the anastomosis twist. The left conduit has 0 deg twist angle,
middle conduit has 60 deg twist in the clockwise direction, and
the right one features 60 deg twist in the counterclockwise
direction. Porcine pericardium conduits are produced from a
planar tissue segment before the surgery by a pediatric cardio-
vascular surgeon. Associated “initially straight” suture lines
can be identified in all the three plots.
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IVC conduit and for reconstructed conduit geometries. The inlet
and the outlet of conduits are extended by 5D and 10D, respec-
tively. For validation simulations, the fully developed flow over
ideal constant diameter IVC geometry is employed. Grid depend-
ence test is carried out for three meshes with different element
sizes. The computed pressure drop values obtained for those
meshes are compared with analytical results calculated using the
Hagen–Poiseuille equation; errors are calculated as 2.3%, 0.6%,
and 0.3% for 346,233, 568,471, and 1,278,264 elements, respec-
tively. The solver is also validated for correct entrance length
prediction. Mesh verification study is also repeated for the most
deformed TCPC conduit case by generating different grids
(4,576,442, 2,491,254, 1,911,108, 1,233,371, and 762,240 ele-
ments). Pressure drops and velocity profiles at these meshes are
compared with the finest mesh. Mesh with 1,911,108 elements is
chosen as the baseline for all conduit geometries and mesh density
is kept constant for all other geometries. For validation, pressure
drop of PTFE conduit with 0.5D offset, 0 deg twist angle, and
under 9 mmHg pressure from our simulation is compared with
Fontan conduit pressure drops (IVC section only) from the litera-
ture [20] and the results are found to be of the same order.

All simulations are performed by solving 3D steady, laminar,
and incompressible Navier–Stokes equations using an open source
CFD: SimpleFOAM solver of OpenFOAM.2 Density and kine-
matic viscosity of the blood are taken as 1060 kg/m3 and
3.74� 10�6 m2/s, respectively. All simulations converged to a
steady-state solution. Residuals are leveled off after 30,000 itera-
tions, but all simulations are run for 50,000 iterations to ensure
that convergence is achieved. Pressure and velocity residuals
decreased by six orders of magnitude after 50,000 iterations.

To analyze the effect of accordion-like surface of the Dacron con-
duit on hemodynamics, two additional CFD domains are created
with and without surface details having different mesh densities: one
without the jagged surface details having 471,259 elements and the
other with surface details requiring an extremely fine mesh of
4,576,442 elements. These computations showed no significant dif-
ference in pressure drop values and the surface irregularities of the
Dacron conduit do not affect the flow field significantly.

Inlet boundary condition for velocity is determined by taking
the average of 35 different patient-specific IVC flow Reynolds
(Re) numbers, as reported in literature, which resulted in
557 6 258 [22–25]. Parabolic velocity inlet (maximum velocity of
0.19 m/s) and constant outlet pressure boundary conditions are
specified. The hydrodynamic pressure drop between the inlet and
outlet of the conduit is calculated and compared for all selected
geometries to represent hydrodynamic energy loss. All of the
pressure drop values reported in Sec. 3 are relative to the idealized
straight constant diameter IVC conduit (with a length of 6.5 cm
and a diameter of 20 mm) pressure drop. The baseline Re number
employed in this manuscript results in a pressure drop of 1.96 Pa
under Poiseuille flow condition for the same conduit length. The
differences in computed pressure drop values are calculated using
Eq. (1), which read as

% Pressure Drop Difference ¼ DP� DPPoiseuilleð Þ
DPPoiseuille

� 100 (1)

Integrated control volume energy balance equation is used to
compute power losses ( _Eloss) across the conduit

_Eloss ¼
X

Inlets

Pi : Qi �
X

Outlets

Pi : Qi (2)

where Pi and Qi are total pressures and volumetric flow rate,
respectively. For a single inlet and single outlet conduit, the flow
rate is constant and thus the pressure drop and energy loss are
related linearly.

3 Results

3.1 Caval Offset Level. In this section, the results presented
are those that correspond to the highest intramural venous pres-
sure of 15 mmHg and PA anastomosis twist angles of 0 deg and
60 deg (Fig. 3). For offset level parameter analysis, other twist
and venous pressure values provided similar trends and are not
included here for the sake of brevity.

A finite caval offset generates a characteristic surface deforma-
tion pattern on the initially perfectly circular smooth conduit.
These deformed surface patterns resemble a kinked vascular
geometry in the direction of the offset and result in local flow area
reduction. Corresponding changes in surface shapes, flow stream-
lines, and pressure drop changes for different offset levels and two
different twist angles are illustrated in Fig. 3. All configurations
resulted in significantly higher energy losses compared to the ideal
uniform diameter conduit due to surface irregularities. Among
these three cases, the 0.5D offset configuration is identified as a
realistic conduit shape by practicing pediatric cardiovascular sur-
geons due to its close resemblance to intraoperatively observed
shapes. For twist angle of 60 deg, the pressure drop difference for
0.5D offset resulted 1.3 times more than 0D offset case while the
case with 1D resulted 3.6 times more than the 0D offset pressure
drop, demonstrating a nonlinear behavior. The pressure differen-
ces for twist angle of 0 deg are not dramatic but follow a similar
path to that of 60 deg twist angle. As the offset level increases, the
laminar flow starts to become disturbed and evolves into a rotating
flow due to the curvature of the conduit surface. Initial vortex for-
mation is visible, especially at buckled regions of the 1D offset
configuration.

3.2 PA-IVC Anastomosis Twist Angle. Similarly, the effect
of twist at the PA anastomosis site is studied for three torsional
angles, corresponding to 0 deg, 30 deg, and 60 deg for PTFE con-
duit at constant 0D offset and 12 mmHg intramural pressure level
(Fig. 4). Among these three cases, the 30 deg and 60 deg twist
angle configurations are identified as realistic conduit shapes by
practicing pediatric cardiovascular surgeons due to their close
resemblance to intraoperatively observed geometries. All configu-
rations resulted in higher energy losses, up to 110% compared to
the ideal uniform diameter conduit, demonstrating the significance
of deformation caused by twist. A consistently linear relationship
between the pressure drop values and twist angle level is
observed. Thus, if needed, the pressure drop differences for higher
twist angle levels can be extrapolated from these data. Alterations

Fig. 3 For three caval offset levels, the differences in com-
puted pressure drop values are presented under 15 mmHg intra-
mural venous pressure (left plot). In these experiments, PTFE
conduits with 0 deg and 60 deg twist angles are used. Reported
percent differences are calculated relative to the straight ideal
conduit at the same flow conditions, which results in a pressure
drop of 1.96 Pa under Poiseuille flow condition for the same
conduit length. Corresponding IVC flow streamlines are pre-
sented on the right, shaded with the local velocity magnitude.
These CFD simulations correspond to PTFE under 60 deg twist
angle, 15 mmHg venous pressure at 0D, 0.5D, and 1D offset
levels displayed from left to right.
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in the twist angle resulted in a moderate effect on pressure drop; a
60 deg twist angle increases the pressure drop 1.35-fold compared
to a 0 deg twist angle. Twisting the anastomosis region deforms
the conduit and the flow starts to rotate at the opposite direction of
the twist upon entering the PA. Similar to the offset level, increas-
ing the twisting angle increases the buckling (i.e., deformation)
and thus the vorticity in of the flow, which would contribute to
power loss. To compare different venous pressure effects,
15 mmHg results are also presented in Fig. 4. Although the pres-
sure drop difference tends to increase by twist angle, the 30 deg
does not cause any significant change with respect to 0 deg. This
could be due to the resistance of the conduit under high venous
pressure levels.

In vitro experiments showed that relative directions of twist and
offset are critical for the resulting conduit surface irregularities.
This is illustrated clearly in Fig. 2 for the porcine pericardium
conduit. If the offset and twist are applied in the same direction,
the severity of buckling increases, while if the offset and twist are
in reverse directions, this reduces the severity of the buckling and
causes a relatively larger pathway cross-sectional area and smooth
surface form. This effect is relatively less common for the PTFE
and Dacron conduits due to their higher elastic modulus. Porcine
pericardium shows less resistance to offset and twist, especially
around the suture line, while Dacron and PTFE have uniform
cylindrical structure; this may be an additional reason for the
observed differences in their behavior with respect to twist/offset
direction.

3.3 Systemic Venous Pressure. We hypothesized that
increasing intramural venous pressures would increase the inner
vessel diameter and smoothen the surface irregularities caused by
twist and offset, consequently reducing pressure drop levels. In
order to analyze the effect of venous pressure on conduit buckling,
three different pressure loads (9 mmHg, 12 mmHg, and 15 mmHg)
at 30 deg PA twist angle and 0D offset are specified for the PTFE
conduit (Fig. 5). For these pressure loads, only a 20% change in
the pressure drop levels are observed, possibly due to the nonli-
nearity of the material response.

From 9 mmHg to 12 mmHg, due to the increased systemic
venous pressure level, the severity of the conduit buckling
decreased and the pressure drop reduced by around 20%. This is
an expected result since the higher pressure would enlarge the
cross-sectional area and thus prevent the closing of the conduit.

However, due to the complexity of the deformed conduit, chang-
ing systemic venous pressure from 12 mmHg to 15 mmHg
increased the throat diameter beyond the nominal diameter, which
further resulted in flow separation (as can be seen in aneurysms)
and caused an increase in the pressure drop. A detailed examina-
tion of the conduit throughout the axial direction showed that a
local abrupt decrease in cross-sectional area caused by buckled
geometry and high pressure resulted in higher-pressure drop val-
ues between 12 mmHg and 15 mmHg. Buckling causes arbitrary
deformation (i.e., nonlinear), and the cross-sectional area fluctu-
ates along the centerline. Pressure change does not have a substan-
tial effect on the vortex formation, although vorticity decreases
slightly as the pressure increases from 9 mmHg to 15 mmHg, as
can be observed in Fig. 5. The flow circulation presented in the
figures is initiated due to a 60 deg twist angle.

The minimum anastomosis angle that results in a visually iden-
tifiable conduit deformation is defined as the “critical deformation
angle.” This angle is determined from mock-up experiments
through visual observations and is found to be different for PTFE,
Dacron, and porcine pericardium. A linear relation between

Fig. 4 For the three PA-IVC anastomosis twist angle levels, the
differences in computed pressure drop values are presented
corresponding to the PTFE under 0D offset configuration sub-
jected to 12 mmHg and 15 mmHg venous pressure (left plot).
Reported values are in percentage and are relative to the
straight conduit at the same flow conditions, which results in a
pressure drop of 1.96 Pa under Poiseuille flow condition for the
same conduit length. Corresponding IVC flow streamlines are
presented on the right, shaded with the local velocity magni-
tude. These CFD simulations correspond to PTFE under 0D off-
set, 12 mmHg venous pressure with 0 deg, 30 deg, and 60 deg
twist angle displayed from left to right.

Fig. 5 For the three internal venous pressure levels, the differ-
ences in computed pressure drop values are presented corre-
sponding to the PTFE under 0D offset, 60 deg twist angle
configuration (left plot). Reported values are in percentage and
are relative to the straight conduit at the same flow conditions,
which results in a pressure drop of 1.96 Pa under Poiseuille
flow condition for the same conduit length. Corresponding IVC
flow streamlines are presented on the right, shaded with the
local velocity magnitude. These CFD simulations correspond to
PTFE under 0D offset, 60 deg twist angle with 9, 12, and
15 mmHg systemic venous pressure displayed from left to
right.

Fig. 6 Critical deformation angle with respect to the increase
in systemic venous pressure is presented for the three different
conduit materials with 0D offset: Dacron, PTFE, and porcine
pericardium. Critical deformation angle is defined as the first
visually detectable surface wrinkling (as the anastomosis twist
is increased slowly) from our mock-up setup.

021012-4 / Vol. 11, JUNE 2017 Transactions of the ASME

Downloaded From: http://medicaldevices.asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/journals/jmdoa4/936231/ on 05/08/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



internal pressure and critical deformation angle is observed and
obtained by least square fitting for all three materials (Fig. 6). It
can also be interpreted from the relationship that as the internal
pressure increases, it gets harder to deform the conduit.

3.4 Conduit Material. The effects of different conduit mate-
rials on flow characteristics are also analyzed. The tests at

15 mmHg venous pressure and 60 deg PA twist angle with 1D off-
set are performed for three conduit materials: PTFE, Dacron, and
porcine pericardium (Fig. 7). Material change resulted in up to a
tenfold difference in pressure drop and an associated substantial
difference in surface deformation, as shown in Fig. 7. The pres-
sure drop values for PTFE are almost three times greater than for
the Dacron conduit, while porcine pericardium values are eight
times greater than the Dacron conduit.

To elucidate these differences, the gross mechanical properties
of these three materials should be taken into consideration. Pois-
son’s ratio for PTFE, porcine pericardium, and Dacron porcine is
0.31, 0.42, and 0.39, respectively, and Young’s modulus is 1.807,
1.050, and 2.601, respectively [26]. Porcine pericardium has the
lowest stiffness, which resulted in excessive deformation on con-
duit surface and a decrease in cross-sectional area. When offset
and twist are applied to the conduit, deformations increased, par-
ticularly around the stitch area. Furthermore, in the pericardium
model, flow gained momentum in the radial direction due to nar-
rowing, and recirculation zones are augmented, which correlates
with the highest observed pressure drop. For the PTFE material,
surface deformation is initiated proximal to the conduit’s anasto-
mosis locations, which is different than the Dacron and porcine
pericardium grafts. While all materials are compressible with a
Poisson’s ratio lower than 0.42, PTFE is significantly more com-
pressible, with a Poisson’s ratio of 0.31. Finally, Dacron was
found to be the stiffest material among the three conduit samples
and did not show significant visible surface buckling in vitro due
to its accordion-like folding structure. Thus, the Dacron conduit
has the lowest centerline velocity and lowest pressure drop among
the three conduit materials considered.

4 Discussion

Buckling in arteries and veins as the upshot of vascular instabil-
ity plays a substantial role in the formation of several cardiovascu-
lar pathologies [27]. In the current study, an in vitro analysis of
surgical configurations with the potential for buckling has been
conducted for the first time in literature, to our knowledge. Even
though the patient-specific geometries of the failed Fontan config-
urations have not been studied in the previous literature exten-
sively, our study’s initial results show that the buckling and
kinking modes could be major contributors to the excessive
energy loss levels.

An important factor causing energy loss is the local flow sepa-
ration observed in severely deformed conduits. Although straight
conduits feature uniform flow streamlines, the formation of local
vortices and disturbed flow structures are observed for both the
offset and twisted conduits. Severely twisted conduit walls also
have the potential to direct and generate the helical flow. In gen-
eral, increasing the twist and offset levels resulted in greater pres-
sure drops and flow separation throughout the conduit. An outlier
is observed between the 0.5D and 1D offset configurations, as dis-
played in Fig. 3; a 1D caval offset level resulted in a pressure drop
up to three times greater than the no offset case. Due to the nonlin-
ear relation between offset level and pressure drop, higher offset
levels produced ambiguous but high pressure drops (results not
included for brevity). Vortex formation is observed at the buckled
regions of the conduit as the offset level increases.

Relative anastomosis twist and caval offset are the main param-
eters that affect the level of conduit deformation and tortuosity.
Considering all of the 81 in vitro IVC conduit shapes acquired
from our mock-up circuit, calculated pressure drop differences
range from 80% to 1070% higher than the straight conduit. These
81 cases not only include a number of highly deformed cases, but
also include the realistic cases identified by pediatric cardiovascu-
lar surgeons. These realistic cases lead to moderate pressure dif-
ference values, ranging from 110% to 160%. It should be noted
that the intraoperative conduit configurations studied in this manu-
script correspond to the early postoperative stage and may change
during the long-term postoperative period.

Fig. 7 For the three conduit materials studied, the differences
in computed pressure drops are presented corresponding to
the 1D offset and 60 deg twist angle configuration subjected to
15 mmHg venous pressure (a). Reported values are in percent-
age and are relative to the straight conduit at the same flow
conditions, which results in a pressure drop of 1.96 Pa under
Poiseuille flow condition for the same conduit length. Snap-
shots of the PTFE, porcine pericardium, and Dacron conduits
obtained from the mock-up setup are displayed corresponding
to the 1D offset, 60 deg twist angle configuration subjected to
15 mmHg venous pressure from left to right (b). Corresponding
three-dimensional conduit flow pathways are shaded with the
local velocity magnitude in m/s for PTFE, pericardium, and
Dacron (from left to right) under 1D offset, 60 deg twist angle
and 15 mmHg venous pressure condition (c). The surface irreg-
ularities of the Dacron conduit that are resolved by the CFD
model are also visible in (c). DPressure refers to the percent
pressure drop difference.
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The contribution of the IVC section to the total TCPC hydrody-
namic energy budget is significant; the IVC section contributes
around 20% to the total flow energy loss in a functional TCPC
pathway [3,4,9,24,25,28,29]. However, IVC flow can further
increase up to five times under exercise conditions [30], particu-
larly for leg exercise, as this primarily increases the IVC flow. It
is also expected that IVC energy loss would be higher in an actual
patient-specific TCPC geometry [4,9], although energy losses at
the downstream PAs could also increase such that the relative
contribution of the IVC conduit may not necessarily increase for
some patients. These estimates are conservative, as they are based
on a constant vessel diameter Poiseuille flow assumption, whereas
TCPC junction features complex flow structures; IVC flow will
interact with the downstream PA circulation through a highly non-
linear physics, which would likely to lead higher energy losses at
the IVC.

For the first time in literature, we show that caval offset can
indeed cause significant surface deformation that leads to substan-
tially lower hemodynamic performance. Although increasing the
twist angle also increased pressure drop levels and vorticity, it is
concluded that the effect of twisting is not as important as offset-
ting on hemodynamics. There is at most a 1.35-fold increase in
pressure drop between 0 deg and 60 deg twist angle, while there is
a 3.6-fold increase in pressure drop between 0D and 1D offset
level. Furthermore, the initial vortex formation is visible during
twisting to 60 deg, but there is only a slight change between 30
and 60 deg compared to the offset effect.

Although there is no direct analytical relation binding the inter-
nal pressure to the critical deformation angle, our results suggest
that increasing blood pressure results in an additional positive
moment, which, in turn, linearly increases the critical deformation
angle and reduces buckled regions on the surface. The additional
positive moment is probably produced due to unsymmetrical
material surface and likely increases the material’s resistivity to
the twist. As the internal venous pressure increases, surgeons
would have a higher range of twist angles at which they could
safely anastomose the conduit without any deformation. Since in
theory buckling instability starts without any visible surface defor-
mation, we have also defined a visual critical deformation angle
parameter in our study. This angle corresponds to the first
“visible” initiation of surface deformation. Even though the criti-
cal deformation angle is a subjective parameter, it will still be use-
ful intraoperatively establishing the relation between our
quantitative pressure drop measurements.

Although the increased venous pressure enlarges the conduit
diameter and smoothens buckling irregularities, which leads to
reduced hydrodynamic energy loss at the IVC section, high pul-
monary vascular resistance (PVR) is absolutely not desired due to
its detrimental effects for the single-ventricle physiology. High
PVR results in venous remodeling and would lead to multi-organ
failure. As such, among the materials studied, the Dacron conduit
was found to be the most structurally stable design for both twist
and offset due to the higher bending stiffness of its jagged cross
section, as compared to PTFE and porcine pericardium conduits.
Since the Dacron conduit did not show any narrowing due to
buckling, the Dacron conduit experiences the least pressure drop
during blood flow among the three materials considered. PTFE
conduit has a pressure drop up to three times greater than the
Dacron conduit. Porcine pericardium conduit has the worst pres-
sure drop performance, with an eightfold increase compared to the
Dacron conduit; this is due to porcine pericardium’s highly
deformable surface and narrowed cross section. Dacron offers a
partial solution to conduit deformation in terms of lower energy
loss but additional criteria should be taken into consideration. For
example, the jagged surface of the Dacron graft may promote
thrombosis formation especially during the early postoperative
period, compared to the smooth PTFE. Material designs like
Dacron are the first step toward improved conduit rigidity but
there may be advanced material configurations, having smooth
inner surfaces that can still resist buckling, through controlled

directional microstructure [31–33]. Likewise, the stiffness of the
material is critical, since the materials with higher stiffness
resulted in lower pressure drop values. However, less stiff materi-
als will have similar properties with the native vessel resulting
smoother stress transitions. The mechanical response of the
conduit material is substantial for energy loss and should be
considered during the presurgery planning phase.

There are a number of limitations to the present work. While
we utilized flexible end points and holders as much as possible in
our mock-up circuit, the actual suture lines at the PA anastomosis
region are probably more flexible and could thus generate a wider
variety of shapes than the circular shape imposed due to our
experimental setup. In addition, for an actual TCPC pathway,
common atrium and external ventricle surfaces provide additional
structural stability and compression effects, which are not repli-
cated in the mock-up circuit. However, based on our clinical expe-
rience, this factor would play a secondary role and our results still
illustrate the significance of Fontan pathways. In addition, materi-
als are assumed to be homogeneous, isotropic, and linear elastic;
however, employing orthotropic hyperplastic models would give
more precise information about the materials’ responses. The
assumption of planar cross-sectional area might also be a weak
claim since it may not represent the real patient-specific conduit
irregularities.

The lowest pressure drop difference calculated among 81 con-
figurations is 75% for the case with no twist and offset under
9 mmHg pressure load. Pressure drop increase is associated with
multiple sources. The ideal geometry used for the pressure-drop
comparison has a constant inner diameter, perfectly smooth sur-
face obtained from the CAD software. In contrast, the in vitro meas-
ured conduit surfaces are not perfectly smooth through the
conduit length. These small irregularities may also be exacerbated
due to slight gravitational effects caused by the test setup and
influence the ideal pressure drop values. Another increase in pres-
sure drop could be due to the connectors located at the inlet and
outlet of the conduit. Although these connections have exactly the
same diameter with the medical conduit, a slight disturbance at
the transition region between the conduit and the connectors is
unavoidable. Still, we believe that the latter effect is minor due to
the relatively smooth transition at the vicinity of the connectors
ensured during experiments. The thickness of grafts varies
between 0.4 and 0.9 mm for different conduit materials. We take
the outer diameter of the grafts as nominal value and adjust the
diameter of the holder arm by taking into consideration the thick-
ness of the materials.

According to our observations from the mock-up circuit, por-
cine pericardium and Dacron conduits resulted in surface leakage
at a rate of 3 and 12.5 ml/min, respectively, due to their porous
and textile structure. For the Dacron conduit, we eliminated sur-
face leakage by introducing a thin layer of water resistant polymer
film. Pericardium leakage is concentrated on the suture line, while
the PTFE conduit did not show any leakage. Leakage pores may
be significant during early post-op if negative intramural pressure
occurs (ex: heart-lung machine), as they have the potential to
introduce microbubbles into the venous system.

In this study, CFD simulations were realized for rigid wall and
steady state flow conditions; however, the geometries were recon-
structed from scanned data in a pressurized state under average
IVC flow conditions. Rigid wall assumptions are appropriate for
this study since, particularly for the IVC section, wall motion
should be less significant for the realistic in vivo venous flow con-
ditions. Since blood flow velocity is relatively low, non-
Newtonian effects are important in terms of velocity profile. We
simulated all cases under Newtonian viscosity assumption and
compared pressure drops between these models. The comparison
is thus still meaningful, even though we did not use a non-
Newtonian model.

The full TCPC geometry together with a rapid-prototype
single-ventricle should be considered in the future experiments. In
this study, we focused only on the IVC section, as otherwise the
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full model would excessively complicate both the experimental
and the computational model. One main reason for this approach
is the need to employ native PA vessels in the experimental setup,
which was almost impossible. Furthermore, we intended to isolate
and study the influence of surface deformations only at the IVC
section; we thought that the deformations of the full model will be
very complex and would not help us much to identify and illus-
trate the physical response clearly. The kink or twist degree of the
conduits can also be identified via standard cardiac imaging post-
operatively and their severity can be assessed. From the image
data, the pressure drop in the conduit can be estimated, which
may be important for the re-operation decisions of severely
deformed conduits.

5 Conclusions

The major mode of flow restriction in compressed and kinked
TCPC conduits is associated with conduit buckling, which can
occur due to its geometric configuration and abnormal blood flow
inside the conduit. The relative PA anastomosis twist angle and
caval offset levels are the essential geometric factors that affect
the severity of conduit buckling. Systemic venous pressure also
alters the conduit geometry and thus the buckling severity. Appa-
rently, the primary factor that contributes to the pressure drop is
the narrowing of the vessel due to buckling or offset kink at sev-
eral regions of the conduit. Another factor causing the pressure
drop is disturbance of the blood flow due to nonsmooth pathway
as well as converging—diverging wall contours. This imbalance
in wall contours lead to local flow separation and sharp velocity/
pressure changes, as in arterial stenosis contributing to the total
hydrodynamic energy budget. It is very important to keep the off-
set level and torsion of the conduit as low as possible and to hold
the conduit as straight as possible during surgery; otherwise, the
conduit could cause up to a tenfold energy loss compared to an
idealized circular pipe conduit. On the other hand, the value of
caval offset in reducing the energy loss is still important. The
present study indicated a precaution for the utilization of exces-
sive caval offset, which would reduce performance especially if
the twist and offset exist together, in a directionally dependent
way. Furthermore, the material properties of the conduit substan-
tially change the buckling level and shape under the same twist,
offset and pressure. Thus, if the surgical practice cannot prevent
slight twist and/or offset due to the anatomy of the patient, alter-
ing the surgical conduit material can lead to lower pressure drop
levels in the pathway. Dacron conduit was found to be the best
material in terms of energy loss among the three conduits investi-
gated and could be chosen in these terms but other factors such as
high thrombosis formation risk should be taken into consideration.
For future work, novel conduit structures that are not prone to
severe buckling could be proposed based on the material proper-
ties and critical buckling angles presented in the current study.
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