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Background. In the Fontan circulation the vis a tergo for
lung perfusion is limited. The hypothesis of this in vitro
study was that energy dissipation at the common cavo-
pulmonary connection can be reduced by the addition of
caval curvature.

Methods. Two Perspex models were analyzed, the
commonly used crosslike cavopulmonary connection
(model 1) and a modified curved configuration (model 2).
Pressures and flows across the connections were mea-
sured simultaneously at various caval and pulmonary
artery flow splits and resistances. Mixing of inferior and
superior caval fluid was evaluated.

Results. Caval pressure oscillations occurred in model

1 only. Curvature reduced power losses in all settings
significantly (a 5 0.05), most successfully at adult caval
flow ratios and at high flow rates. At equal pulmonary
resistances pulmonary flow was balanced in both mod-
els. The inferior caval fluid is preferably directed to the
right lung in model 2 predominantly for caval flow
conditions in younger patients.

Conclusions. Our data show that the modified curved
cavopulmonary connection is hydrodynamically advan-
tageous but might impair caval fluid mixing in younger
children.

(Ann Thorac Surg 1999;67:1760–4)
© 1999 by The Society of Thoracic Surgeons

Since 1971 when Fontan and Baudet [1] described a
surgical technique for repair of tricuspid atresia,

different methods to bypass the right heart in patients
with single ventricle physiology have been developed
[1–8]. A commonly used modification of the Fontan
procedure is the total cavopulmonary connection re-
ported by de Leval and associates in 1988 [9, 10]. This
connection consists of an anastomosis of the superior and
inferior vena cava directly opposite each other on the
right pulmonary artery. Because the vis a tergo for lung
perfusion via the cavopulmonary connection is limited
and increased central venous pressures impair the clini-
cal outcome [11], every effort should be made to evaluate
optimized, surgically practicable cavopulmonary con-
nections. In this context several modifications of cavo-
pulmonary connections have been studied. Based on
computational fluid studies, the common cavopulmonary
connection is reported to be improved by enlarging and
offsetting only the inferior vena cava at the right pulmo-
nary artery anastomosis [12] or by asymmetric caval
inflow into the right pulmonary artery [13]. Sharma and
associates [14] in 1996 described a minimal energy loss by
a caval offset of one caval diameter, and suggested that
relatively large curving in addition to offset might reduce
power losses even more but not at adverse pulmonary
artery flow splits. None of these studies includes evalu-
ation of pulmonary distribution of inferior caval blood

containing hepatic venous return that is reported to be
essential for prevention of pulmonary arteriovenous mal-
formations [15].

The aim of this in vitro study was to evaluate the power
losses, flow patterns, and venous mixing of a cavopulmo-
nary connection with a small caval curvature in compar-
ison to the conventional cross configuration in relation to
varying caval and pulmonary flow ratios. Flow distribu-
tion to each lung at equal lung resistances was also
evaluated.

Material and Methods

Determination of Models
Two Perspex models were milled and polished. The inner
diameters of 12 mm in the caval veins and the pulmonary
arteries represent the anatomic situation in 4-year-old
children [17, 18]. The first model, which simulated the
commonly used total cavopulmonary connection, was
shaped like a simple cross (Fig 1). To create a caval
curvature at the total cavopulmonary anastomosis with
potential surgical practicability, geometric conditions,
including the smallest radius of curvature to prevent
acute angles but totally separate caval inflow, were cho-
sen as follows: The cranial segment of the superior vena
cava (SVC) was curved toward the left pulmonary artery
(LPA), and the cardiac segment of the superior vena cava
(IVC) was curved toward the right pulmonary artery
(RPA). The radius of curvature at both the caval inflows
was two duct diameters, and the anastomotic offset was
half a diameter of each caval vein resulting in an anas-
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tomotic offset of one caval diameter. At the upstream end
of the curvature the caval offset was zero (Fig 2).

Test Circuit and Experimental Conditions
Both models were integrated by silicone tubing in the
nonpulsatile test circuit. The four flow rates were mea-
sured simultaneously by flow meters (working with sus-
pended bodies) calibrated with the test fluid. The two
flow rates in the caval veins were kept constant by two
regulated pumps (Whale Supersub 881/12VDC, Munster

Simms, Ing Ltd, Bangor, County Down, Northern Ire-
land). Pulmonary flow split could be chosen by varying
the level of two afterload overflow reservoirs. Pressure
was measured continuously at a distance of 20 duct
diameters at both caval veins and pulmonary arteries by
standpipes. A mixture of 40% glycerine and 60% demin-
eralized water was used as test fluid. To ensure a con-
stant viscosity of h 5 3.6z1023 Pazs and a density of r 5
1,090 kg/m3 the test fluid was kept at 24°C by tempera-
ture control. Experiments were done at a fixed total flow
of 2, 3, 4, and 5 L/minute to simulate rest and exercise.
The IVC/SVC ratio was varied between 50/50 and 67/33
because at age 4 years the caval flow split is on its
transition from infant to adult conditions which are
reached at age 6.6 years [19]. The pulmonary flow split
between RPA and LPA was altered in the range of 20/80,
30/70, 40/60, 45/55, 50/50, and vice versa to simulate
various pulmonary resistances.

To evaluate the distribution of IVC fluid to each lung,
the set-up was extended by a second reservoir with
temperature control and two thermometers in the right
and left pulmonary arteries. Demineralized water at 19°C
in the IVC and 30°C in the SVC was used as test fluid.
Total flow was adjusted for viscosity keeping the Reyn-
olds number constant. At each setting of caval and
pulmonary flow split, the temperatures in the pulmonary
arteries were measured and recorded simultaneously to
calculate the percentage of IVC fluid in each pulmonary
artery.

Furthermore, to determine the rate of flow to each lung
without fixed pulmonary artery flow ratios, the caval flow
rates were adjusted by two preload reservoirs and the
pulmonary resistance kept equal by two afterload reser-
voirs in a second test circuit. Right and left pulmonary
artery flow rates were litered out volumetrically, and
pressures in the caval veins were recorded simulta-
neously (Hewlett Packard 38742A, Boise, ID).

Data Analysis
For each quadruple of flow values, measured in the first
test circuit, a quadruple of pressure values was recorded
simultaneously. The complexity of data was reduced to
scalar values by calculating the power loss (Ploss), which
is the sum of static and kinematic power consumption.
Kinematic power consumption results from the product
of flow Q and Bernoullian dynamic pressure pkin 5 1⁄2rv2.
The velocity (v) results from v 5 Q/A, where A is the total
cross sectional area. Hence the kinematic power loss is
calculated as Ploss,kin 5 1⁄2rQ3/A2 and is, therefore, totally
independent of measured pressure values and model
flow patterns. Thus, the kinetic power loss is insignificant
for comparison in the models and can be disregarded, as
stated by Sharma and associates [14]. For that reason we
only regarded the static power loss, calculated as follows:

Ploss,static 5 (QIVC z pIVC 1 QSVC z pSVC)

2 (QRPA z pRPA 1 QLPA z pLPA).

Fig 1. Scheme of the commonly used crosslike cavopulmonary con-
nection. (SVC 5 superior vena cava; IVC 5 inferior vena cava;
RPA 5 right pulmonary artery; LPA 5 left pulmonary artery.)

Fig 2. Scheme of the modified curved cavopulmonary connection. (A
5 caval offset; B1C 5 anastomotic offset of half a diameter of each
caval vein resulting in an anastomotic offset of one caval diameter;
D 5 radius of curvature; E 5 diameter; SVC 5 superior vena cava;
IVC 5 inferior vena cava; RPA 5 right pulmonary artery; LPA 5
left pulmonary artery.)
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Statistics
All measurements were repeated five times at steady
state conditions and the average value taken. The maxi-
mal error of power loss determination was low, between
1 and 5.2 mW depending on increasing total flow. There-
fore we analyzed the differences of the corresponding
levels of power losses between both models comparing
the mean of power losses at each corresponding flow rate
using the Mann-Whitney U test. The level of significance
was a of 0.05 or less for the one-sided test.

Results

We found that curvature reduced power losses signifi-
cantly in all experimental conditions. At symmetric caval
flow ratios the lowest power losses in both models
occurred at RPA/LPA flow ratio between 45/55 and 55/45,
whereas more asymmetric pulmonary flow splits re-
sulted in higher power losses (Fig 3).

At a caval flow ratio of IVC/SVC 5 67/33 the power
losses increased in the curved model if RPA flow was
reduced (Fig 4). Major differences in power losses regard-
ing the absolute values were observed at high flow rates,
whereas the percentage of power loss was not dependent
on flow rates (Figs 3, 4).

With an IVC/SVC flow ratio of 67/33 and an adverse
pulmonary artery flow split such as RPA/LPA 5 20/80,
power loss was reduced by at least 20% by curvature,
whereas an RPA/LPA flow ratio of 80/20 led to a reduc-
tion of power loss up to 40% (Fig 4). At a high total flow
rate of 5 L/minute and a caval flow ratio of IVC/SVC 5
67/33 minimal power loss of 40 mW was found at a
physiologic RPA/LPA flow ratio of 55/45 in the curved
configuration. Conversely, with the crosslike anastomosis
and identical experimental conditions the least power
loss was 67 mW, which was measured at an RPA flow rate
of 45% to 55%. The reduction of power losses by curva-
ture was most successful in asymmetric caval and normal
pulmonary flow ratios and at high total flow rates (Fig 4).

In the crosslike model at symmetric as well as at

asymmetric caval and pulmonary flow ratios, the LPA
fluid consisted of inferior caval fluid in the range of 30%
to 70%. In the curved model at balanced caval and
pulmonary flow ratios, LPA fluid contained at least 5%
IVC fluid and up to 44% if the IVC/SVC flow ratio was
67/33. At varying pulmonary artery flow splits the part of
IVC fluid within the LPA varied consecutively. At a caval
flow ratio of IVC/SVC 5 67/33 and equal right and left
pulmonary artery resistances, at different total flow rates
there was no significant relationship between both mod-
els and pulmonary artery flow distribution (Fig 5). Pres-
sure oscillations with amplitudes up to 3 mm Hg within
the caval veins could be detected in all experimental
conditions but only at the crosslike model (Fig 6).

Comment

One of the major problems in the very complex circula-
tion of commonly used crosslike total cavopulmonary

Fig 3. Significantly lower power losses of the curved configuration
(model II) than of the crosslike cavopulmonary connection (model I)
at an inferior to superior caval flow ratio of 50/50. The symbols are
measured points and the lines are least square fits of parabola for
illustration. (RPA 5 right pulmonary artery.)

Fig 4. Significantly lower power losses of the curved configuration
(model II) than of the crosslike cavopulmonary connection (model I)
at an inferior to superior caval flow ratio of 67/33. The symbols are
measured points and the lines are least square fits of parabola for
illustration. (RPA 5 right pulmonary artery.)

Fig 5. Right to left pulmonary artery flow at an inferior to superior
caval flow ratio of 67/33 and equal right and left pulmonary artery
resistances. There was no maldistribution of pulmonary artery flow
in the crosslike model (model I) or in the curved model (model II).
(RPA 5 right pulmonary artery; LPA 5 left pulmonary artery.)
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connections is the collision of inferior and superior caval
flow. The results of Sharma and associates [14] and
Shandas and associates [20] as well as our flow visualiza-
tion studies showed that this caval flow collision creates
helically rotating vortices within the pulmonary arteries.
De Leval and colleagues [10] also described small oscil-
lations at postoperative cardiac catheterizations in pa-
tients with the total cavopulmonary connection and re-
lated them to left atrial and systemic ventricular events,
contraction of the residual atrial wall, or respiratory
fluctuations. Although our test circuit was nonpulsatile
and not influenced by respiration, similar oscillations
were observed in the crosslike model (Fig 6). Thus the
oscillations in this model probably were generated by
alternations of vortices that are caused by the frontal
collision of caval flows. The observed helically rotating
vortices not only induce oscillations but also represent an
energy-consuming process measured as pressure losses.
In this regard, flow separation of the caval inlets should
provide some advantages as mentioned by Sharma and
associates [14]. There are three approaches to gain this
flow separation, augmentation, offsetting, and curvature.
Numeric approaches to improve geometry by enlarging
the IVC anastomosis toward the RPA using a polytetra-
fluoroethylene patch showed reduced power losses [12].
Sharma and associates [16] described the behavior of
models with 0.5 and 1 diameter offset combined with
5.5-cm radii of curvature. The IVC was curved toward the
RPA and the SVC toward the LPA. They found a benefit
of curvature only at optimal flow ratios, such as an
RPA/LPA flow split of 70/30, whereas adverse flow ratios
such as RPA/LPA 5 30/70 caused increased power losses.

From a hydrodynamic perspective, it seems obvious
that the radius of curvature is a major determinant of
pressure losses and flow patterns. If the radius is too
small it leads to caval flow collision, and if it is too large
acute angles are created between IVC and LPA and

between SVC and RPA, both conditions leading to power
losses. As a rationale these parameters as well as the
potential for surgical practicability formed the basis of
our modification with a small caval curvature that pre-
vents acute angles, caval offset, and caval flow collision.
Power losses were lower in this model than in the
crosslike anastomosis. This small curvature did not cre-
ate increased power losses at adverse pulmonary flow
splits (Figs 3, 4), as observed by Sharma and associates
[16], and it did not lead to a maldistribution of pulmonary
artery flow in the case of unfixed pulmonary flow split at
equal lung resistance (Fig 5). The effect of curvature was
most evident at high flow rates simulating exercise.

Srivastava and colleagues [15] previously reported that
pulmonary arteriovenous malformations are a known
complication caused by hepatic venous maldistribution
in the lungs after some types of cavopulmonary connec-
tion. At identical right and left pulmonary artery resis-
tances and a symmetrical caval flow ratio resembling
flow conditions of infants [19], most IVC fluid simulating
hepatic venous return was directed toward the RPA in
the curved connection. At adult caval flow ratios, a
certain dispersion of the IVC fluid toward both pulmo-
nary arteries with an LPA flow containing up to 44% IVC
fluid could be measured. The influence of various caval
flow ratios on the distribution of inferior caval blood in
the curved cavopulmonary connection is an important
finding of this study. In young children a lack of hepatic
blood in the left lung can occur because of impaired caval
blood mixing in this type of connection. During the
growth period the caval flow split is in transition from
neonatal conditions to the adult caval flow ratio of
IVC/SVC 5 67/33, thus improving the mixing of superior
and inferior caval blood, which might protect against
pulmonary arteriovenous malformations [15]. The
amount of mixing that is adequate for prevention of
arteriovenous malformations is still unknown. Neverthe-
less, the potential for reduced perfusion of the left lung
with hepatic blood and the possible development of
arteriovenous malformations in curved anastomosis
must be taken into consideration. Especially in the very
young, further investigations are necessary to optimize
mixing and power losses across curved cavopulmonary
connections preferably with physiologic conditions in-
cluding respiration.

Power losses in the curved model are lower compared
with those of the crosslike configuration. In absolute
values of power losses, this effect is most obvious during
exercise. Conversely, the distribution of hepatic fluid
from the IVC to the right and left pulmonary arteries is
less balanced in the curved model especially for caval
flow conditions that simulate young age. The reduction of
anastomotic offset might induce a more balanced distri-
bution of hepatic venous return.

The major limitation of this study is that this in vitro
investigation is comparable to in vivo conditions only
with certain reservations. The tubes were rigid allowing
no compliance mechanisms that might alleviate peak
pressures, for example, the observed pressure oscilla-
tions. De Leval and colleagues [10], however, recorded

Fig 6. Pressure oscillations in the caval veins with the crosslike
cavopulmonary connection (model I, upper curves) and with the
curved configuration (model II, lower curves) at a total flow of 5,600
mL/minute, an inferior to superior caval flow ratio of 50/50, and
identical right and left pulmonary resistances. Note the reduced os-
cillations in the curved model.
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similar oscillations in patients, suggesting that the rigid-
ity was not of consequence. We did not consider the
effects of respiratory changes on caval flow and pulmo-
nary resistance that might also cause pressure losses and
mixing of IVC and SVC fluid.
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