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Background. Several variations of the total cavopulmo-
nary connection (TCPC) have been investigated for fa-
vorable fluid mechanics and flow distribution. This study
presents a hemodynamically optimized TCPC configura-
tion code-named “OptiFlo.” Featuring bifurcated vena
cava (superior venacava to inferior vena cava SVC/IVC),
it was designed to lower the fluid mechanical power
losses in the connection and to ensure proper hepatic
blood perfusion to both lungs.

Methods. A rapid prototype model of the OptiFlo
TCPC was built and in vitro control volume flow analysis
was performed to evaluate the fluid mechanical power
loss performance of the model. Furthermore, computa-
tional fluid dynamics simulations were used to investi-
gate the flow patterns in the model, which were com-
pared with those in the planar one-diameter offset TCPC
with flared anastomosis sites, the best known TCPC
configuration to date.

Results. Compared with the one-diameter offset refer-
ence model, the OptiFlo showed lower power losses:

Since its introduction, the Fontan procedure has been

employed as the definitive palliation for a number of
congenital heart defects where a serial arrangement of
pulmonary and systemic circulations is necessary. The
surgical outcome has improved considerably over the
years with lower mortality rates; however, patients with a
Fontan procedure still suffer from connection-associated
problems, leading to reduced exercise tolerance as well
as serious long-term complications [1, 2] potentially re-
ducing both duration and quality of life.

Among the multiple variables determining the out-
come of the Fontan procedure, it has long been hypoth-
esized that lowering the fluid mechanical power loss
caused by the “inefficient” Fontan connection geometry
could reduce the workload on the single ventricle and
increase exercise capacity. This hypothesis was recently
confirmed by the lumped parameter modeling studies of
the single-ventricle circulation [3], where the power
losses were shown to have a significant impact on the
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—26%, —31%, and —42% for increasing cardiac outputs of
2, 4, and 6 L/minute, respectively. No statistically signif-
icant differences were found in power loss between 40:60
and 50:50 SVC/IVC flow ratios (p > 0.1) for the OptiFlo
model. The power loss characteristic curve for different
left and right pulmonary artery ratios was flatter for the
OptiFlo than the one-diameter offset reference model.
Pulmonary artery flow was much more streamlined in the
OptiFlo compared with the one-diameter offset model.

Conclusions. The OptiFlo TCPC design exhibits lower
power losses with better adaptive distribution of hepatic
blood to both lungs and lower blood flow disturbances
compared with the planar one-diameter offset TCPC
model. Its significantly superior hemodynamic perfor-
mance at higher cardiac outputs (exercise) rationalizes
further design and feasibility studies toward a workable
clinical model.

(Ann Thorac Surg 2007;83:2182-90)
© 2007 by The Society of Thoracic Surgeons

cardiac output (CO) and postoperative venous compli-
ance remodeling. Isolated clinical cases demonstrating
an acute recovery with improved designs of TCPC path-
ways are also reported [4]. To date, a number of sug-
gested Fontan connection configurations have been in-
vestigated spanning from the original unidirectional
connection [5] to the total cavopulmonary connection
(TCPC). Despite good hemodynamics and streamlined
flows going to the pulmonary arteries (PAs), the unidi-
rectional connections resulted in poor clinical outcomes
mainly due to the fact that the hepatic blood was directed
exclusively to one lung causing serious pulmonary arte-
riovenous malformations and diminished lung growth
[6-8]. Furthermore, these unidirectional configurations
were not adaptive to the changes in independent pulmo-
nary circuits. The TCPC circumvents these problems by
connecting both venae cavae (VCs) to both Pas, allowing
the hepatic blood to mix and be distributed to both lungs.
However, the head-on collision of the caval flows was
shown to have a detrimental effect, increasing the
amount of energy dissipation. From a theoretical point of
view, the planar one-diameter offset TCPC model with
flared anastomosis sites (1D offset model) [9] proved to be
the best idealized TCPC design with the lowest predicted
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Fig 1. The new idealized total cavopulmonary connection model de-
sign, code-named OptiFlo. (IVC = inferior vena cava; LPA = left
pulmonary artery; RPA = right pulmonary artery; SVC = superior
vena cava.)

power losses. The caval offset prevented the head-on
inflow collision, while a vortex located at the center of the
connection helped redistribute the hepatic flow. On the
other hand this central vortex is also an inherent source
of energy dissipation and was observed to yield helical
flow patterns in the PAs, increasing the friction losses
even further. Further insight in to the pathway hemody-
namics has been revealed by many earlier dedicated
computational flow studies [10-13]. Based on these ob-
servations, this study presents an optimized Fontan con-
nection, code-named “Optiflo,” which avoids the dissi-
pative inflow collision while still allowing for hepatic
blood distribution and adaptation to flow ratio changes
between the inlets and the outlets.

Material and Methods
OptiFlo TCPC Geometry

A type of TCPC connection was developed to minimize
the hydrodynamic power losses and improve TCPC he-
modynamics even further. The basic OptiFlo geometry is
depicted in Figure 1.

Many variations of this concept are possible but this
study will focus on the standard configuration with
constant branch diameters, equal to the inlet and outlet
diameters. To evaluate its performance relative to the
previous idealized model studies [9, 14], a planar OptiFlo
model was created with the same overall size, geometric
characteristics, and vessel diameters of the previous
idealized models. Geometric compatibility with the pre-
vious traditional TCPC models required tubular splits
curved with a 50-mm radius of curvature and diameters
of 13.34 mm. The splits at the VCs (A and C in Fig 1) and
PAs (B and D in Fig 1) were flared with radius of
curvatures of 3 mm and 2 mm, respectively.
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An experimental physical model was created using the
rapid prototyping technique previously described by our
group [15]. The computer-aided design model was con-
verted to a stereolithographic (STL) file and imported into,
and manufactured by, a rapid prototyping (RP) machine
(SLA 250; 3D Systems, Valencia, CA). A clear resin was used
(RenShape SL 5510/7510; Huntsman, East Lansing, MI). To
enable sanding and polishing of the inside of the model], it
was created of four subparts that were later assembled
together using regular cyanoacrylate adhesive.

In Vitro Hydrodynamic Power Loss Analysis

The OptiFlo configuration was investigated by a control
volume flow analysis to evaluate its fluid mechanical
power loss performance compared with existing ideal-
ized TCPC models. Furthermore, computational fluid
dynamics (CFD) was used to elucidate the flow and
velocity patterns of the connection. All experiments and
CFD simulations were run under steady flow conditions.

The physical model was investigated with control vol-
ume flow analysis using an in vitro flow loop that has
been described previously [9, 14]. Static pressure and
flow rate measurements at each inlet and outlet were
used to calculate the power loss in the model volume.
The inflow conditions were steady and maintained by a
constant pressure head, where the model was lying flat
on a table, mimicking a supine position. Fully developed
inflow profiles were achieved and a blood analogue
solution of water and glycerin was used to match the
viscosity of blood. Differential static pressures were mea-
sured at the wall of each vessel 2 cm away from the inlet
and outlet ends. Energy losses were then computed by an
integrated control volume energy balance:

Ejgss = 2 Pitotal-Qi - 2 Pitotal'Qir
inlet outlet
where P; .., and Q; are the total pressure and the flow

rate, respectively, at an inlet (inferior vena cava [IVC],

8.0

N

ol § 1D Offset A

s
E 65 N - % — L.
3 6.0 -
g .
g OptiFlo

5.0 .

4.5

4.0

20 30 40 50 60 70 80

RPA percentage (%)

Fig 2. Power loss comparisons between the OptiFlo model (W) and
flared planar one-diameter (1D) offset model (<) at cardiac output
of 4 L/minute, and with a 40:60 superior vena cava to inferior vena
cava flow ratio. Both are rapid prototyping models with a 13.34-mm
diameter. Error bars indicate one standard deviation. (RPA = right
pulmonary artery.)
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Fig 3. Power loss versus right lung perfusion 25 7
(%RPA [right pulmonary arteryl]) at increasing
cardiac outputs (2, 4, and 6 L/minute [LPM])
for the OptiFlo (red squares) and one-diameter
(1D) offset reference model (blue diamonds) at 20 1
a 40:60 superior vena cava to inferior vena e
cava flow ratio. The physiological operating =
points for representative left and right lung E 15 -
resistances (Ry.n and R,g,,) are shown with %
circles for both models at the three cardiac 3
outputs (R,;o,=1.8 Woods Units). 5 10
g
o
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0
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superior vena cava [SVC]) or an outlet (left pulmonary
artery [LPA], right pulmonary artery [RPA]). Power
losses calculated this way for the different models were
compared using a paired Student ¢ test.

Flow Conditions

The total CO was chosen to be 2, 4, and 6 liters per
minute (LPM). The SVC/IVC flow ratios were chosen to
be 40:60 and 50:50, whereas the LPA/RPA flow ratios
ranged from 30:70 to 70:30 in 10% increments. These flow
values matched those of the other in vitro studies [9, 14,
16] and enabled one-to-one performance comparison
with the previous idealized TCPC geometries.

Numerical Studies

To understand the detailed three-dimensional flow
fields, CFD studies are performed for the OptiFlo TCPC
configuration. OptiFlo geometry is created in ProEngi-
neer (PTC Inc, TX). The overall size and the uniform
vessel diameter of 13.34 mm is chosen to enable perfor-
mance comparison between the planar 1D offset config-
uration with flared anastomosis sites representing the
standard lowest power loss TCPC configuration. The
CFD methodology and the computational results of the
idealized 1D offset configuration have been described

Table 1. Sample Average Pressure Drop Values Measured in
In Vitro Experiments for the OptiFlo Configuration With
Respect to the IVC Branch

30 40 50 60 70 80

Flow Split (%RPA)

earlier [17, 18]. The same CFD methodology is used for
the new OptiFlo configuration. Particular emphasis is
given to achieve the same mesh density (finest mesh
density) in both models. Computational mesh is further
refined around the confluence and bifurcation regions.
An unstructured mesh of approximately 98,000 nodes
was generated (Gambit; Fluent Inc, Lebanon, NH) from
the same STL file used for manufacturing the physical RP
model. To ensure steady laminar flow at the inlet and
convergence at the outlets, the inlets and outlets were
extended 5 cm and 10 c¢m, respectively, giving 15-cm and
20-cm long inlets and outlets, respectively, when mea-
sured from the center of the model. The flow conditions
were the same for the two models: steady flow with CO of
4 LPM, 40:60 SVC/ IVC ratio, and 40:60 LPA/RPA flow
ratio. For both models, steady-state flow fields were
computed using the parallelized segregated finite-
element CFD solver FIDAP (Fluent Inc). The pressure
projection algorithm with the second-order streamwise
upwinding was utilized. Fourth-order convergence for
the Euclidean norm of velocity and pressure was estab-
lished in the presented results. This solution methodol-
ogy has demonstrated good agreement with the in vitro

Table 2. Percent (%) Differences in Power Loss Between the
One-Diameter Offset and the OptiFlo Models at Representative
Right and Left Lung Resistance Combinations”

Average Pressure (mm Hg) Cardiac
Cardiac Output Output
(L/minute) svC RPA LPA (L/min) 15 X Rieg = Ryigne  Rie = Ruggnt Rierr = 15 X Rgn
2 —0.055 —0.200 —0.190 2 —24 —23 —-25
4 —0.256 —0.581 —0.490 4 —35 —31 -30
6 —0.612 —0.969 —0.930 6 —46 —40 —38

IVC = inferior vena cava;
right pulmonary artery;

LPA = left pulmonary artery; RPA =
SVC = superior vena cava.

2 These physiological operating points are shown as circles in Figure 3 on
the power loss versus pulmonary flow split performance curve.
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experiments in our previous studies with more complex
anatomical models [18, 19].

The Tecplot (Tecplot Inc, Bellevue, WA) software pack-
age with the CFD analyzer add-on was used for analysis of
the OptiFlo models flow and velocity patterns. Power losses
were determined for each of the finite elements in the CFD
mesh using the viscous dissipation method as described by
Healy and colleagues [20]. This method calculates power
losses entirely based on the velocity gradients between the
finite elements, which enables a good qualitative look at
the power loss “hot spots” in the investigated volume. The
higher the velocity gradient between neighboring finite
element volumes is, the higher the power loss is.

Results

Hydrodynamic Power Loss

Variation of the hydrodynamic power loss for a range of
LPA/RPA flow ratios were measured both for the OptiFlo
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configuration and for the standard 1D offset reference
model [14]. Compared with the 1D offset model the
OptiFlo exhibited lower power losses: —26 + 4%, —31 =
4%, and —42 * 5% for increasing cardiac outputs of 2, 4,
and 6 LPM, respectively (p < 0.01). Figure 2 displays this
difference measured for the CO of 4 LPM, with a 40:60
SVC/IVC flow ratio. For increasing CO, power loss is
increased for both models (Fig 3) while the hydrody-
namic advantage of Optiflo over the 1D offset model is
amplified with increasing CO. The IVC/ SVC flow ratio of
50:50 did not show statistical significant effect (p > 0.1) in
power losses compared with the 40:60 SVC/IVC flow
ratios. Furthermore, the power loss curve of the OptiFlo
model is found to be slightly flatter compared with the
1D offset model characteristic. Calculating the ratio be-
tween the highest power loss in these curves to that of the
lowest of the same curve, the ratio for the 1D offset model
is 1.19, and for the OptiFlo model the ratio is 1.15.
Average branch flow rate and pressure values (with

Fig 4. Flow through OptiFlo (right column) is
SvC compared with the one-diameter offset (left col-
umn) total cavopulmonary connection reference
model using computational fluid dynamics
simulations at a cardiac output of 4 L/minute
40:60 SVC/IVC flow ratio, and 40:60 LPA/RPA
flow ratio. Three flow parameters are plotted
along the midcoronal plane (that sliced both
models along the coronal direction in half).
(Top row, A and B) Through-plane velocity
component; blue and red color tones represent
flow going in and out of the page, respectively.
(Middle row, C and D) Total velocity magni-
tudes, and (bottom row, E and F) viscous
power dissipation (loss). The color coding is
the same for each figure pair; A/B, C/D, and
E/F, where blue color tones correspond to lower
flow parameter values. Note the increasingly
disturbed flow patterns and power loss hot
spots of the one-diameter offset model com-
pared with the OptiFlo. Arrows in panel A
highlight the irregular pulmonary artery
branch flows specific to the one-diameter offset
model. Arrow in panel C indicates point of
IVC stream collision. (Refer chapter on Three-
Dimensional Flow Structures in text.) (IVC =
inferior vena cava; LPA = left pulmonary ar-
tery; RPA = right pulmonary artery; SVC =
superior vena cava.)
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respect to IVC) that are measured during in vitro exper-
iments are summarized in Table 1 for 50:50 RPA/LPA
flow ratio.

Physiological Operating Points

The computational or experimental acquisition of power
loss performance at all possible pulmonary conditions
further enables the calculation of the actual physiological
operating point for the given left and right lung resis-
tances. This methodology is described earlier in detail
[14, 17, 19]. Following the same methodology, represen-
tative physiological operating points,including the unbal-
anced left and right lung resistance conditions, are cal-
culated for both models and shown on the corresponding
power loss characteristic curve (Fig 3). These revealed
that the OptiFlo model favors an equal flow split (50:50
LPA/RPA) and low power loss condition even with un-
balanced lung resistances. In contrast the 1D offset model
tends to operate at extreme flow splits leading to higher
power losses for unbalanced lung resistances. Due to this
fact, at these physiological operating points power loss
differences between the two TCPC configurations are
slightly higher, Table 2.

Three-Dimensional Flow Structures

The 1D offset model exhibited helical flow patterns in
both PAs, which are well-depicted in Figure 4A, where
along the midcoronal plane of the TCPC the anterior-
posterior velocity component is plotted. Higher values of
this velocity component correspond to rotational flows
due to the out-of-plane movement (in the anterior
[shown in red color] or posterior direction [blue color]) of
blood from the midcoronal plane. In contrast, the PA flow
of the OptiFlo model is considerably unidirectional (Fig 4B).
Minor out-of-plane blood movements from the mid-
coronal plane were observed in the OptiFlo model, which
is located at the flaring point (C in Fig 1) of the IVC and
at the confluence site of the RPA where the splits had
merged. It was observed with streamtraces (not shown
here) that the flow entering the OptiFlo connection close
to the anterior and posterior walls would, after the flared
splitting point (marked A and C in Figure 1), cause
recirculation and secondary flows. These regions corre-
spond to the low flow regions of Figure 4D that are shown
in blue color.

For both models the inlet flow profile remained fully
developed upon entering the vena cava bifurcation sites
(parabolic velocity variation in Figs 4C; 4D). For the OptiFlo,
due to the inertia of the caval flow entering the bifurca-
tion, the majority of the flow could not follow the outer
curved wall of the model and did not split to left and right
lungs until it is constrained by the inner curved wall at
the splitting tip (marked A and C in Fig 1). This caused
large low flow regions and flow separation in the splits
contributing to the power loss. However, after the splits
merged forming the PAs a laminar parabolic velocity
profile was quickly established, although slightly skewed
towards the superior sides of the PAs initially due to the
larger share of the flow coming from the IVC.

Ann Thorac Surg
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The 1D offset model showed more disturbed flow
compared with that of the OptiFlo, which is clear in both
Figures 4A and 4C. One of the reasons for this was that
the majority of the flow entered from the IVC and exited
through the RPA. Therefore, some of the fluid entering
from the IVC was forced to exit through the RPA, causing
some collision of the SVC and IVC flows marked with the
black arrow in Figure 4C.

The cross-sectional area of each split in the OptiFlo
was equal to that of the inlets and outlets. Consequently,
the velocity magnitude of the flow after the bifurcation
was lower than upon entering the VCs. Furthermore, in
the IVC, there was a region before the point where the
flow collided with the flaring site (marked C in Fig 1), at
which the velocity magnitude decreased. After the split
was complete and the flow had passed the flaring site, the
velocity magnitude increased again. The low velocity
magnitude region was caused by the elevated pressure at
the flaring site.

Local Contribution to the Power Loss

Depicting the viscous power dissipation on a color scale
throughout the model provides a good insight to the flow
structures causing elevated power losses which can be
termed as “hot spots.” From Figures 4E and 4F it was
evident that there were distinct regions in both models
with elevated power losses. In the OptiFlo this was
observed at the inner sides of the splits where the flow
collided with the splits, thus increasing the shear
stresses. The flow separations between the low and high
velocity flow in the splits of the OptiFlo model also
increased the power losses.

The regions with elevated power losses for the 1D
offset model were not as confined as for the OptiFlo
model. For the 1D offset model, increased power losses
were observed in four regions: (1) where the IVC flow
entered the middle of the 1D offset connection colliding
with the flow from the SVC (black arrow in Fig 4C): (2)
the flow separation between the high velocity VC flow
entering the connection and the low velocity flow in the
middle of the connection; (3) the helical flow in the Pas;
and (4) the walls due to wall friction and (or) flow
collision. The regions with elevated power losses in the
OptiFlo model were overall smaller both in size and
magnitude compared with those in the 1D offset model.

Comment

Hydrodynamic Performance

In this study, the power loss characteristics of the OptiFlo
configuration were compared with the 1D offset model
which is known in the literature as the best performing
idealized model resulting in the lowest possible power
loss among the other traditional “+” shaped configura-
tions. Achieving lower power losses than the already
superior 1D offset model was a significant engineering
challenge but has been possible with the OptiFlo config-
uration as presented in this paper.
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Comparing two TCPC designs side-by-side has con-
tributed to our understanding of the Fontan circulation
and emphasized that there is still room for further
hemodynamic optimization to avoid unnecessary power
loss and hopefully increase the longevity of the Fontan
circulation. Superior performance of the 1D offset model
is usually attributed to the beneficial recirculating vortex
at the center[21]. In reality, ranging the caval offset from
zero to larger offset diameters reduces the shear zone
(and in parallel the power loss) but does not completely
eliminate it. Furthermore, “+” shaped junctions intro-
duce complex constraints to the development of the
secondary PA flows contributing the global power loss.
Optiflo configuration eliminates this shear zone com-
pletely and gives more room for the secondary flows (due
to VC to PA turning) to develop, which reduces the
velocity gradients significantly; improving hemodynam-
ics even further.

Having a flatter power loss curve, the OptiFlo is more
tolerant to changes in flow ratios between the inlets and
(or) outlets compared with traditional TCPC configura-
tions. This is important considering that the LPA/RPA
flow ratio is rarely constant and may change due to
stenoses, unbalanced lung resistances, and (or) cardio-
pulmonary interactions. More importantly, the IVC and
SVC flow contribution to the total venous return changes
with respect to age[22]. In view of this fact, Fogel and
colleagues [23] suggested guiding the IVC blood mainly
to the larger lung through the RPA, and the SVC blood
mainly to the LPA and the smaller lung when performing
the Fontan operation. The design of the OptiFlo ensures
proper adaptive distribution of both incoming and out-
going flow to the lungs, at no expense of increased power
loss.

Equal left and right lung hepatic flow distribution
(essential for normal lung development) is compromised
for better power loss in the traditional “+” shaped TCPC
configurations. Increasing the offset will lower the power
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losses; however, it will also disturb the proper distribu-
tion of the hepatic blood. It is well-recognized that the
“beneficial vortex” of the 1D offset model preferentially
diverts the IVC blood to the RPA if the IVC offset is
toward the right lung. The new symmetric OptiFlo design
naturally assures equal hepatic blood split which can be
further customized by varying the split sizes to incorpo-
rate unequal left and right lung resistances.

While the OptiFlo model geometry is symmetric, there
was a slight asymmetry in the experimental in vitro
power loss curves (Fig 2) around the 50:50 LPA/RPA flow
ratio. This is attributed to the four-part assembly of the
physical OptiFlo model and to the unavoidable little
grooves and bulges at the assembly lines, surface rough-
ness, and uneven model polishing.

Results of this study are based on in vitro experimental
measurements performed on the bench-top flow loops.
Therefore, within the bounds of practical experimenta-
tion it could not mimic all details of the complex in vivo
univentricular hemodynamics and physiology (like car-
diopulmonary interactions, compliant vessels, etc) com-
pletely. At the same time, the average steady flow con-
ditions presented in this study are considered an
acceptable point for performance comparison, because
the impact of the neglected components and influencing
factors will be in the same order for both the traditional
TCPC configuration and the proposed fluid dynamically
efficient OptiFlo configuration.

Exercise Performance

Fontan patients are known to have a decreased exercise
capacity as compared with healthy controls and this may
have a significant impact on their quality of life, partic-
ularly as they get older. At the CFD simulated exercise
conditions TCPC power loss increases in a dramatically
nonlinear fashion with increasing cardiac output. On
average, there is a ninefold (6 to 12) increase from
baseline to the 2x-exercise and 33-fold (29 to 45) to the

Fig 5. Five steps in the creation of split-anas-
tomosis of the native blood vessels. (A) Vessel-
end to be split-anastomosed. (B) Bisection par-
allel to the vessel axis. (C) Configuration for
end-to-side anastomosis to branch PA, used in
inferior vena cava-only split design (Fig 6B);
center-piece graft not shown here. (D) Configu-
ration for end-to-end split anastomosis (as

in Fig 1); center-piece graft not shown here.
(E) After the center-piece graft (Fig 6) is
sutured; center-piece graft shown partially.
Anticipated suture lines are shown in (C)

and (E).
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Fig 6. (A) Center-piece graft for the OptiFlo
connection. (B) Alternative OptiFlo configura-
tion with primarily IVC split. Insert illustrates
an all-graft connection, where the middle part
could feature a similar center-piece graft shape
but now with a flatter SVC bifurcation section.
(C) OptiFlo configuration for bilateral-SVC
Fontan templates which utilizes a prefabricated
Y-graft. (D) Alternative bilateral-SVC OptiFlo
configuration with crossover SVCs. Limited
feasibility, but will lead lower power loss due
to increased caval-to-branch pulmonary artery
pathway curvature. Anticipated suture lines are
shown in (B) and (C). (IVC = inferior vena
cava; L = left; LPA = left pulmonary artery;
R = right; RPA = right pulmonary artery;
SVC = superior vena cava.)

3x-exercise conditions in traditional anatomic TCPC con-
nections [24]. Because the hydrodynamic benefit of
OptiFlo over the traditional TCPCs increases with in-
creasing CO, the OptiFlo configuration would be partic-
ularly advantageous at the exercise conditions. Specifi-
cally for the intense leg-exercise, only an IVC bifurcation
could potentially suffice to realize the hemodynamic
advantage of the OptiFlo and further eliminate a likely
IVC flow recirculation into the SVC [4, 24].

Surgical Arrangement and Feasibility

The OptiFlo configuration presented here is in its most
basic idealized in vitro test configuration. Its clinical
utility and implementation require further more detailed
considerations in order to improve its clinical feasibility
through less cumbersome designs. The superior hemo-
dynamic performance of Optiflo justifies such detailed
studies, which can be undertaken in the future. In this
section only some preliminary thoughts toward a work-
able clinical model will be presented.

The OptiFlo connection can be created using reason-
ably sized native vessels, as sketched in Figure 5. How-
ever, creating the connection this way would be difficult
for several reasons. First, the total cross-sectional areas of
the splits would only be half that of the mother vessel.
Our studies showed that a reduced diameter split will act
as a stenosis causing increased power losses. Second, the
vessels in the TCPC are not the same size. This would
cause considerable diameter mismatches between the
splits from the inlets and outlets, whereby the flow in the
splits would be less streamlined, increasing the power
losses. Third, there might not be enough vessel material
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to construct the OptiFlo connection; even though the
lengths of the splits would be less than the length had
they been connected in a standard 1D offset configura-
tion, the IVC ends at the right atrium level. Fourth, the
shape of the splits would most likely not be curved nicely
as seen in Figure 1, leading to a more rhombus-shaped
connection with less streamlined PA flow mixing.

For the above reasons, a graft material is necessary for
the implementation of the Optiflo TCPC in order not to
compromise the superior fluid mechanical performance.
Introducing graft materials will bring in growth problems
but can be lessened with a partial graft as employed in
intraatrial connections (Fig 6). This partial graft would
then be the center part of the OptiFlo connection, where
the native vessels could be connected after being bi-
sected at the ends as illustrated in the first three steps of
Figure 5.

The OptiFlo configuration could also be used in situa-
tions where blood vessels would not allow for the com-
plete splitting and merging of VCs to the PAs. For the
bilateral SVC or for small sized single SVC cases, alter-
native OptiFlo configurations could be useful as sketched
in Figure 6. The cross-over bilateral SVC OptiFlo (Fig 6D)
has the advantage over the other bilateral SVC OptiFlo
(Fig 6C) option where the radius of curvature of the
SVCs is larger, reducing the power losses due to the
moderate secondary flow and improved streamlined
PA confluence.

Future Directions

It must be emphasized again that the Optiflo geometry
studied here features the most primitive and basic con-
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figuration with uniform and constant diameters. Further
analysis should reveal whether the OptiFlo configuration
can be improved even further. Changing the planarity,
flaring of anastomosis sites, and diameters of the vessels
in other idealized TCPC models have been found to affect
the power losses and can be translated to the Optiflo
configuration. In this study, the flaring at the bifurcation
sites was found to introduce some recirculation and
secondary flow. Removing the flaring at bifurcation and
merging sites is likely to reduce power losses even more.
Sharper bifurcations (no flaring) would avoid stagnation
zones (at B and D in Fig 1) and reduce head-on wall
collision (at A and C in Fig 1). For the splits, designing
oval vessel cross-sections instead of the perfect circular
vessel areas could control the flow separations observed
at the caval bifurcations without compromising the actual
flow. Changing the idealized vessel and split diameters
and making them more physiologically correct will also
impact the power losses in the connection. Furthermore,
increasing the radius of curvature and decreasing the
split length should decrease the power losses, but this
speculation needs to be evaluated and quantified.

The OptiFlo configurations should be constructed us-
ing the actual surgical materials and native vessels for
further in vitro flow loop tests. To evaluate its in vivo
performance, the next step is to practice this configura-
tion in an acute single ventricle animal model and, when
available, in chronic experiments. These studies are es-
sential and would reveal if the splitting and merging of
venous blood return would introduce any unforeseen
complications such as thrombosis and (or) stenosis for-
mations, lung perfusion anomalies, potential kinks, or
pressure build-ups.

Conclusion

A new idealized total cavopulmonary connection was
introduced and evaluated with control volume flow anal-
ysis and CFD. The power loss performance of the new
connection was compared with the 1D offset idealized
model [9, 14, 16], which has been considered to be the
best idealized model so far. The newly designed OptiFlo
connection was found to exhibit lower power losses, less
helical PA flow, equal distribution of hepatic blood to
both lungs, and a better tolerance to varying flow splits
compared with the 1D offset reference model. The new
Optiflo configuration has potential to be optimized fur-
ther and could be customized for use in patient-specific
anatomies.

This study demonstrated that there is still room for
hemodynamic improvement, up to approximately 40% in
power loss, even over the “best”-known TCPC designs
(1D offset configuration). While a drastically different
TCPC geometry is introduced to realize this improve-
ment to its full extent, it must be highlighted that at least
some part of the presented improvement can be fulfilled
in the existing traditional TCPC pathway designs with
additional caution and surgical fluid flow considerations
but without a drastic change in the “+” shaped TCPC
configuration. By this study the traditionally “best” one-
diameter offset configuration is replaced with the pre-
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sented Optiflo configuration as a new target to approach
for low power loss in surgical designs.
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INVITED COMMENTARY

The Fontan circulation has undergone important techni-
cal changes throughout the years. The right atrium to
pulmonary artery (PA) connection has made place for the
total cavopulmonary connection (TCPC), first of the lat-
eral tunnel type and thereafter of the extracardiac con-
duit type. As the Fontan circulation has no right-sided
ventricular driving force, all situations that cause energy
loss should be avoided. The flow path must be stream-
lined as much as possible. Collision of caval vein flows,
sharp bends, ridges, and expansions result in energy
losses. A T-junction of the lateral tunnel or the extracar-
diac conduit and the PA is inferior in terms of energy
preservation than a junction that is more curved toward
one PA and thus more streamlined. In vitro models and
computational fluid dynamics (CFD) studies have sup-
ported and stimulated the ongoing surgical improvements
of the Fontan circulation. Several groups (Bove, de Leval
and coworkers, Yoganathan and coworkers) have been
working in this field for many years. They have demon-
strated that an extracardiac TCPC with the inferior vena
cava flow more directed toward the left PA is theoretically
the optimal situation with the least loss of kinetic energy.

In the article by Soerensen and colleagues [1], further
improvements of the cavopulmonary connections are
presented. An innovative model of bifurcated caval veins
connecting equally to both PAs is even more streamlined
than the now best available technique, which is an
extracardiac TCPC with offsetting of the vena cava to PA
connections. The authors have demonstrated with the
use of in vitro studies and CFD calculations that their
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prototype has lower energy losses while an even distri-
bution of inferior caval flow to both PAs (hepatic factor)
is preserved. The advantages of this model become even
more evident when higher exercise conditions are mim-
icked by increasing the flows.

Although the bifurcated vena cava model may be
superior in terms of energy preservation, the road toward
clinical implication is long and full of obstacles. Will it be
easy to perform this procedure in a young child? Will the
risk of thrombosis be increased? What will happen with
growth? These are just some of the questions that imme-
diately arise.

However, as the theoretical advantages are evident,
these obstacles should be considered as challenges for
further study.
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