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Background: Numerous studies have sought to optimize the design of total cavo-
pulmonary connections with a single superior vena cava. This study was directed to
the 2% to 4.5% of the population with dual superior venae cavae, investigating the
flow fields associated with such total cavopulmonary connection anatomies. Addi-
tionally, it demonstrates the potential use of computational designs and simulations
as surgical planning tools.

Methods: A 3-dimensional model of a total cavopulmonary connection with bilat-
eral superior venae cavae was reconstructed from a patient’s magnetic resonance
images and investigated experimentally and numerically to assess the power losses
and flow structures within the connection. On the basis of these results, a virtual
operation was performed in the computer to improve the original connection design.
The modified anatomy was studied numerically.

Results: Because of a smooth connection with an extracardiac conduit and no major
dimension mismatch between the baffle and the connecting vessels, the original
anatomy yielded smooth flow fields, low power losses, and few disturbances.
However, a large offset between the inferior vena cava and the left superior vena
cava resulted in flow stasis and unbalanced hepatic flow distribution. Shifting the
inferior vena cava and positioning it between the 2 superior venae cavae resulted in
a 7% decrease in power losses and eliminated the associated flow stasis regions in
the main pulmonary artery segment.

Conclusions: This study demonstrates the potential use of computer-aided design
and numeric simulations for surgical planning. It shows that locating the inferior
vena cava between the superior venae cavae may lead to better-balanced lung
perfusion. This may require suturing the right and left superior venae cavae closer
to each other during the hemi-Fontan or Glenn stage.

espite marked improvements in surgical outcomes, Fontan patients still
experience numerous and serious long-term complications.! Among the
multiple variables that determine the outcome and quality of life of these
patients, one that allows for some degree of control is the surgically created design
of the bypass connection. From a geometrical point of view, this problem is that of
optimizing a double-inlet, double-outlet connection. Parametric in vitro and com-
putational fluid dynamics (CFD) studies have attempted to identify the contribution
of different geometric parameters to the overall flow fields. This has led to sugges-
tions for improvement, such as including a caval offset® or enlarging the inferior
vena cava (IVC) anastomosis.>
These studies, however, do not account for patients with a persistent left superior
vena cava (SVC). Normally, the left precardinal vein drains blood from the upper
body into the primitive atrium during the first weeks of embryonic development and
then joins its right counterpart, thus forming the SVC, and its distal part persists as
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Abbreviations and Acronyms
CFD = computational fluid dynamics
EPVR = equal pulmonary vascular resistance
IVC = inferior vena cava

LPA = left pulmonary artery

LSVC = left superior vena cava
MPA = main pulmonary artery

MRI = magnetic resonance imaging
PA = pulmonary artery

RPA = right pulmonary artery

RSVC = right superior vena cava

SVC = superior vena cava

TCPC = total cavopulmonary connection
VC = Vena Cava

the coronary sinus.* Persistent left SVC (LSVC) arises from
a faulty embryogenesis between the fifth and eighth week
and affects approximately 0.3% of the population. Its prev-
alence increases to 2% to 4.5% in patients with other
congenital heart defects.>® The addition of that third inflow
introduces supplementary parameters and issues into the
quest for an optimal total cavopulmonary connection
(TCPC) design and has not yet been investigated.

This study features an extracardiac TCPC with bilateral
SVCs. The associated hemodynamic efficiency and flow
structures were investigated by using a combined experi-
mental and CFD approach. On the basis of these observa-
tions, an alternative surgical design is proposed and studied
that demonstrates the potential applications of computer-
aided design and CFD tools to presurgical planning.

Materials and Methods

Patient Data

To investigate the variations of the TCPC anatomies and their effect
on the TCPC flow structures and efficiency, a multicenter database of
Fontan patient magnetic resonance images (MRIs) has been assem-
bled. Informed consent was obtained, and all associated studies were
approved by the institutional review boards of the Children’s Hospital
of Philadelphia, Children’s Healthcare of Atlanta, the University of
North Carolina, and the Georgia Institute of Technology.

The patient retained for this study was an 8-year-old white boy
who was born with a hypoplastic left heart and persistent LSVC. He
had undergone a bilateral cavopulmonary anastomosis at the age of 6
months, followed by an extracardiac TCPC at 24 months. Forty-five
T1-weighted axial MRIs were acquired over the entire span of the
connection with a 256 X 192-pixel field of view. In addition to the
anatomical slices, magnetic resonance phase velocity maps were
acquired, which provided 3-dimensional velocity information in the
venae cavae: mean flow rates across the IVC, right SVC (RSVC), and
LSVC were 1.1, 0.5, and 0.45 L/min, respectively.

Anatomical Model Reconstruction and Virtual Surgery
The raw anatomical MRIs were first interpolated in the out-of-plane
direction’ to enhance the dataset resolution. The TCPC blood volume

=0 —=0~3P>

=0 —-=0~®»mwCT

A. ORIGINAL ANATOMY

Shifting
the IVC

B. MODIFIED ANATOMY

Figure 1. A, Original TCPC configuration seen from a right and
from an anterior perspective. B, Modified anatomy after the vir-
tual operation was performed. The IVC was transected and dis-
placed by 25 mm to lie in between the 2 SVCs.

(Figure 1, A) was reconstructed from the interpolated MRI data and
used to generate both the numeric mesh and the experimental model.®

As will be discussed in the “Results” section, in vitro experiments
and CFD results demonstrated significant flow stasis between the 2
SVCs. On the basis of this observation, an alternate surgical config-
uration was investigated. The IVC baffle was transected at the original
IVC-to-RPA anastomosis site and shifted so as to lie in the middle of
the 2 SVCs. The connection was smoothed out, thus yielding the
morphology displayed in Figure 1, B. The virtual operation was
performed by using a computer-aided design software package,
GeomagicStudio 6.0 (Raindrop Geomagic, Research Triangle Park,
NO).

Fluid Dynamic Analysis
The main criteria that were retained to characterize the TCPC
hemodynamics were (1) the flow structure; (2) the power losses,
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which directly relate to the pressure drops across the connection;
and (3) the distribution of the total venous return and of the IVC
flow between the right (RPA) and left (LPA) pulmonary artery. A
concise overview of the patient-specific, fluid dynamic analysis
methodology is provided in the following paragraphs, and more
detailed descriptions may be found in the studies by de Zélicourt
and associates® and Pekkan and colleagues.’

All experiments and CFD simulations were run under steady
inflow conditions. Resting cardiac and caval flow ratios were taken
from the flow data acquired in the scanner. Additional runs using
the same caval flow ratios were performed at 3 and 4 L/min to
simulate active and exercise conditions.

Flow structure. The flow structures associated with this spe-
cific TCPC design were investigated both qualitatively and quan-
titatively by combining the experimental results from flow visual-
ization and digital particle velocimetry with those of the numeric
simulations.

Hydrodynamic power losses. The power losses across the con-
nection were computed by using an integrated control volume
energy balance?:

Epos= 2 Pi-Qi— > P~ 0O, (D
Inlets Outlets
where P; and Q, are the static pressure (corrected for pressure head
bias'® in the experimental case) and the volumetric flow rate,
respectively, in each vessel.

Equal pulmonary vascular resistance. To assess the quality of
the lung perfusion associated with the original and the modified
TCPC design, a simple lumped-parameter model was implemented
to incorporate the pulmonary vascular resistance®:

Orpa t Orpa = Oroul )

RLeft
Rygighe X (R_QLPA - QRPA) = Prpa — Prpas 3)

Right
where Q) pas Orpas Prpas and Prp, are the flow rates and static
pressures in the LPA and RPA, and R, . and Rg;,,, the pulmonary
vascular resistances of the left and right lungs. P; p, and Pgp, are
known from the experimental measurements or numeric simulations
as a function of the flow split, Qrpa/O; pa- In this study, both lung
resistances were assumed to be equal and were set to an average
pulmonary vascular resistance value of 1.8 Wood units, which pro-
vided us with the equal pulmonary vascular resistance (EPVR) oper-

ating point.

Note that Ry, and Ry, account for only the pulmonary
resistances. The EPVR operating point depends on the resistance
encountered by the flow when going from the Venae Cavae (VCs)
to either one of the PAs. In a perfectly symmetric TCPC geometry,
the pressure head needed to drive the flow into the LPA should
equal the one needed to drive the flow into the RPA, thus resulting
in an EPVR of 50:50 RPA/LPA.

Results
Original Bilateral TCPC

Anatomy. The patient anatomy featured in this study was
characterized by (1) caval diameters of 12.5, 8.7, and 7.3 mm
for the IVC, RSVC, and LSVC, respectively; (2) pulmonary
diameters of 6.5 and 5.3 mm for the RPA and LPA, respec-

tively; (3) an extracardiac conduit that yielded a smooth ge-
ometry for the IVC pathway; and (4) an IVC placed directly
opposite the RSVC, whereas the LSVC was offset by 49 mm.

Flow structure. Qualitative and quantitative assessments
of the flow structures are shown in Figure 2. Run under steady
flow conditions, the bilateral TCPC connection was character-
ized by smooth and steady flow fields. The only disturbances
were observed at the point where the IVC and RSVC flow
collided before going into the PAs. Because of the proximity of
the LSVC to the LPA, the LSVC flow went exclusively to the
LPA (Figure 2, C and G). The intermediate PA section was
perfused only by the blood coming from the IVC and RSVC
and going into the LPA (Figure 2, A, B, E, F, I, and J; see also
supplementary movies E1 and E2).

Varying the pulmonary flow splits affected only the IVC
and RSVC flow fields and not the LSVC (supplementary
movie E3). At 70:30 RPA/LPA, a recirculation region helped
redirect the IVC and RSVC streams towards the RPA. Hardly
any streaklines were observed in the intermediate main PA
(MPA) segment, and digital particle velocimetry results re-
vealed important flow stasis in this region. Because of the
LSVC offset, the entire LSVC stream, which represented
22.5% of the flow, went directly into the LPA. Subsequently,
at a 70:30 RPA/LPA flow split, only 7.5% of the flow traveled
from the IVC/RSVC toward the LPA, thus resulting in regions
of flow stasis in the MPA segment (Figure 2).

The perfusion of this intermediate MPA segment im-
proved as more flow was directed to the LPA. At 30:70
RPA/LPA, the IVC and RSVC streams collided in the
middle of the connection and splitted between the LPA
and RPA. Most of the IVC and RSVC streams flowed
along the inferior aspect of the MPA.

Pressure drops and power loss. No significant differ-
ence among the 3 caval pressures was demonstrated for all
flow conditions (P >.05). As expected, the pulmonary pres-
sures decreased as more flow was forced through the cor-
responding PA. However, except at 70:30 RPA/LPA, the
LPA pressure remained lower than that of the RPA for all
the pulmonary flow splits, meaning that a higher IVC-to-PA
pressure drop was needed to drive the flow through the LPA
than through the RPA. Accordingly, the power losses cal-
culated across the connection strongly depended on the
RPA/LPA flow split, decreasing with an increasing RPA
flow (Figure 3). As a result, this design favored right lung
perfusion. The EPVR point corresponded to an RPA/LPA
flow split of approximately 60:40 for all the tested cardiac
outputs, going from 61:39 RPA/LPA at 2 and 3 L/min to
62:38 RPA/LPA under exercise conditions at 4 L/min.

Modified Anatomy

Computing the EPVR point for the original TCPC demon-
strated that with 2 lungs of equal resistance, this anatomy
would tend to favor right lung perfusion. Additionally, flow
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Figure 2. Qualitative (flow visualization) and quantitative (digital particle velocimetry) assessment of the flow structures
observed in the original anatomy with a resting cardiac output of 2 L/min and varying RPA/LPA flow splits.
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Figure 3. Experimental (blue) and numeric (red) power losses for
the original and modified anatomies at total cardiac outputs of at
2, 3, and 4 L/min. The gray dashed line shows the flow split
obtained in the original anatomy when an equal lung resistance
of 1.8 Wood units was assumed.

stasis was observed in the intermediate MPA segment when
less than 50% of the flow went to the LPA. On the basis of
these observations, a virtual operation was performed in an
effort to reduce flow stasis and generate a more balanced
flow field.

The power losses were 7% lower than in the original
anatomy, and the EPVR did not significantly differ from
that of the original anatomy. In the original configuration,
at the EPVR point, most of the IVC flow went to the RPA
(Figure 4, A-2). In the modified anatomy for the same
flow split (Figure 4, B-2), the right and LSVCs flows
went into the closest PA. The IVC stream splitted in 2 to
adjust to the desired pulmonary flow split so that both
lungs received a similar amount of hepatic flow. When
compared with the original anatomy (Figure 4, A-/; see
also the supplementary movie E4), this new configuration
minimized the regions of flow stasis, and the only region
with low flow velocities was the flow separation region at
the IVC anastomosis site (Figure 4, B-I; see also the
supplementary movie ES).

Discussion

The study presented in this article illustrated the flow fields
associated with a typical bilateral SVC configuration and
demonstrated the potential use of a combined computer-
aided design, CFD, and experimental approach in a clinical
setting.
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Figure 4. CFD in-plane velocities (A-1 and B-1) and streamlines (A-2 and B-2) within the original (A) and modified
(B) anatomies. Flow conditions included a total cardiac output of 4 L/min and a pulmonary flow split of 65:35
RPA/LPA. The streamlines are color-coded in red for the IVC, blue for the right SVC, and red for the left SVC.

PA Anastomosis Design and LPA Stenosis

To provide some more insights into the effect of the differ-
ent geometric parameters on the flow structures observed
here, we compared our results with those of another study
previously conducted in our laboratory on an intra-atrial
TCPC with a single SVC.'° This former anatomy featured
smaller vessels (hydraulic diameters of 13.1, 4.6, 5.4, and
4.6 mm for the IVC, SVC, RPA, and LPA, respectively)
and an important mismatch between the baffle dimensions
and the vessel diameters. This configuration generated im-
portant flow instabilities within the baffle and flow separa-
tion within the SVC. It also accelerated the flow as it went
down the shrinking PAs, resulting in high pressure drops
and power losses.

The PA diameters of this intra-atrial TCPC 2 cm down-
stream of the anastomosis site were of the same order as that
of the bilateral SVC model, but the resulting pressure drops
and power losses at the EPVR were 2 to 3 times lower in the
bilateral SVC model than in the intra-atrial TCPC. This was
believed to be due to the dimension of the connection area
with respect to the connecting vessels and to the design of
the PA anastomosis. In the bilateral SVC model, the extra-
cardiac graft resulted in a smooth connection design. The
PA diameters were only 30% smaller than the diameter of
the corresponding anastomosis site, and the vessels were
slowly tapered down to their final dimensions. In the intra-
atrial model, conversely, the tunnel resulted in a bulgy
pouchlike connection design. The PA diameters were 50%

smaller than the corresponding anastomosis sites, and the
vessels quickly tapered down to their final diameter. The
fast tapering of the LPA accelerated the flow and reinforced
the helical pattern.

These considerations are similar to assessing the effect of
diffuse LPA hypoplasia on the TCPC energy consumption
and lung perfusion. In their parametric study of LPA ste-
nosis in Fontan patients, Pekkan and colleagues“ concluded
that diffuse LPA hypoplasia of less than 40% was tolerable,
whereas a larger one significantly decreased left lung per-
fusion and increased the energy consumption. As a general
rule, changes in vessel diameters will result in energy
losses. However, there is a threshold under which this
increase will not be significant. For similar vessel dimen-
sions, the dimensions of the connection area and the rate at
which the PAs are tapered down to their final dimensions
may result in drastically different flow and energy consump-
tion patterns.

Lung Perfusion

The original connection design favors right lung perfusion,
with an EPVR corresponding to a 60:40 RPA/LPA flow
split. Lung perfusion is not perfectly balanced even in
healthy subjects. However, having a large unbalanced flow
perfusion is not desirable because it increases the overall
energy dissipation and, thus, the workload imposed on the
heart.
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To give a simple example, let us consider the energy
dissipation through wall friction alone and assume both PAs
to have equal diameters. Friction losses will be proportional
to the square of the flow rate going through the correspond-
ing vessel. If we have a perfectly balanced lung perfusion
with O L/min going through each PA, the total power losses
will scale as 207 In an unbalanced configuration with (Q +
AQ) L/min going to the RPA and (Q — AQ) L/min to the
LPA, the power losses will scale as 20* + 2AQ”. If the lung
perfusion is only slightly unbalanced (AQ/Q << 1), then this
increase will be negligible, but if the flow is truly unbal-
anced (AQ/Q no longer << 1), the increase of 2AQ? in
overall losses will be significant. Large unbalanced lung
flow may also affect the growth of the PAs, resulting in even
more unbalanced lung perfusion and giving rise to the
formation of collateral vessels.

Hepatic Flow Distribution

Another parameter of interest considered in this study was
the hepatic flow distribution, which was assessed through
the IVC flow distribution. In the original anatomy, the
LSVC flow represented 22.5% of the total incoming flow
and was entirely directed to the LPA. Subsequently, at the
EPVR point only 17.5% of the flow went through the
intermediate MPA section, resulting in regions of flow
stasis. This implies that, in the original configuration, the
IVC accounted for 22% and 81% of the LPA and RPA
flows, respectively. This problem was not encountered in
the modified anatomy, where the IVC was relocated in
between the 2 SVCs and contributed in equal proportion to
the LPA and RPA flows. Even if the exact contribution of
hepatic flow to the development of the pulmonary vascular
structure is still unclear, the exclusion of hepatic blood has
been demonstrated to be strongly correlated with pulmonary
venous malformations,'>'* and the contribution of the IVC
flow to both lungs may be a criterion of importance.

IVC Location

Setting the IVC in between the 2 SVCs appeared as a good
alternative: it decreased the power losses by 7% and had a
significant effect on the lung perfusion, the distribution of
the IVC flow, and the flow structures within the connection.
Pekkan and colleagues'> developed a lumped parameter
model of the Fontan circulation in which the TCPC was
represented by the resistance it offered to the flow. When
this model was applied to our study, the 7% decrease in
power losses translated to a 7% decrease in TCPC resis-
tance, which in turn led to a 10% increase in cardiac output
under resting conditions.

In geometries with a single SVC, offsetting the IVC and
SVC by 1.0 to 1.5 caval diameter minimizes the flow
disturbances caused by the colliding inflows.? Similarly,
with dual SVCs, setting the IVC in between the 2 SVCs

results in an offset between the IVC and each one of the
SVCs, which in turn decreases flow instabilities, such as
those observed in the original anatomy distal to the RPA
(Figure 2, D).

Finally, setting the IVC in between the 2 SVCs drasti-
cally decreased the amount of flow stasis in the intermediate
MPA segment. This is of major importance because vessels
with little flow perfusion may not grow as well as other
vessels and may be prone to thrombosis, which in turn will
lead to additional complications. For example, considering
the anatomy presented in this article, a smaller-diameter
intermediate MPA segment would limit the perfusion of the
left lung further and increase the vascular resistance.

In this case, our only manipulation was to shift the IVC
by 24 mm. However, the spatial constraints encountered by
the surgeon may not allow for such a shift. Suturing the
LSVC closer to the RSVC in the hemi-Fontan or Glenn
stage may be a better way to decrease the distance by which
the IVC should be shifted in the final TCPC stage.

VC Anastomosis Type

The connection studied here featured both a right hemi-
Fontan and a left bidirectional Glenn. Looking at the shape
of both connection types, the hemi-Fontan connection
should have preferably directed the blood to one side,
whereas the bidirectional Glenn should not have. However,
in this bilateral SVC connection, the type of SVC anasto-
mosis did not seem to have any real effect on the repartition
of the SVC flows. Rather, it was the distance between the
anastomosis sites (LSVC to LPA vs LSVC to RPA) that
seemed to have a predominant effect. In the modified anat-
omy, the RSVC flow (with a hemi-Fontan connection) went
exclusively to the RPA, whereas the LSVC flow (with a
bidirectional Glenn) goes to the LPA. The IVC, positioned
at equal distance from the 2 SVCs, splitted between the 2
PAs. The effect of the connection type may be more pre-
dominant in single-SVC cases, where the IVC and SVC
should be close to each other.

Toward Surgical Planning
Figure 3 shows CFD and experimental results side by side.
As has previously been pointed out by Pekkan and associ-
ates,” the commercial CFD package used for these simula-
tions captures the macro-scale, time-averaged features with
good accuracy. Furthermore, the power losses are within 1
SD from the experimental results for RPA flow splits lower
than 67%. When 67% or more of the flow is directed to the
RPA, the flow instabilities increase (Reynold’s number =
2299 in the RPA at 70:30 RPA/LPA), reaching the limita-
tions of our commercial CFD package.

In this study we used CFD and computer-aided design in
combination to perform a virtual operation and assess its
effect on the TCPC efficiency. This demonstrates the po-
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tential use of computer-aided design and CFD tools in
surgical planning. However, as pointed out in the previous
paragraph, the results should be considered with a critical
mindset and weighed against the surgeon’s judgment. Nu-
merical simulations constitute a formidable tool, but their
limitations should not be forgotten.

Surgical Constraints

It is important to keep in mind that this study only suggests
some possible TCPC design improvements. In extracardiac
cases, for example, shifting the IVC toward the LSVC may
compress the pulmonary veins and worsen the patient’s
outcome rather than improving it. All the recommendations
made in this article should thus be carefully balanced
against the space constraints imposed by other vessels and
organs and any other clinical considerations.

Conclusions
The original bilateral anatomy demonstrated smooth flow
fields and low pressure drops and power losses. We believe
that this was due to its uniform geometry, including the
constant diameter of the artificial graft, and the smooth
vessel connections, with only a small-dimensional mis-
match between the baffle and the connecting vessels. Be-
cause of the position of the IVC, the connection design
favored right lung perfusion. Shifting the IVC in between
the 2 SVCs seemed to be a feasible and efficient way to
obtain a better repartition of the hepatic flow to the lungs.
Using computer-aided design and CFD tools in combi-
nation, this study demonstrates potential developments in
pediatric cardiac surgical planning. However, special atten-
tion should be paid to the strengths and limitations of the
CFD modeling before any final clinical conclusions are
drawn.
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