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Hemodynamics of the Total Cavopulmonary
Connection: An in Vitro Study

Sang Hyun Kim', Young Hwan Park’, and Bum Ku Cho’

To understand the local fluid dynamics for different designs of Fontan operation, five models
were made of Pyrex glass to facilitate in vitro study. Models 1, II and IIl had the same position
as the center of the anastomosis of the IVC (inferior vena cava) with that of the SVC (superior
vena cava), but Models IV and V had 10 mm offset between them. As well, the anastomotic
Jjunction angles were different (Models I and IV: 90°, Models II and V: 70°, Model HI: 45°).
These models were then connected to a flow loop for flow visualization study. In Model I, no
dominant vortex was seen in the central region_of the junction, but a large unstable vortex was
created in Models II and IIl. In Models IV and V, a significant stagnation region was created
in the middle of the offset region. It also showed that the flow distribution from the IVC and
SVC to the LPA (left pulmonary artery) and RPA (right pulmonary artery) depends more on
the offset of the junction than on the anastomotic junction angle. Generally, as the total flow
rates increased, the pressures in the models increased.
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Total cavopulmonary (CP) connection has been

developed to treat hearts with essentially a single
ventricular chamber (Fontan and Baudet, 1971). This
includes hearts with one double inlet ventricle,
biventricular hearts with hypoplasia of one ventri-
cular chamber and left or right atrioventricular valve
atresia. In a typical CP connection, the superior vena
cava (SVC) and inferior vena cava (IVC) are con-
nected directly to the right pulmonary artery (RPA).
The blood flow in the operation is driven by a single
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ventricle bypassing the right heart. A high incidence
of failures occurred due to fibromuscular ingrowth,
valvular degeneration and pseudo intimal peel for-
mation. All of which might depend on the hemody-
namics of the connection through the presence of
stasis, wall shear stress or energy loss due to the
conduits. The energy loss is important because the
right heart lost its pumping system, putting an -
increased workload on the left ventricle which then
had to drive the blood through the lungs as well as
through the rest of the body. In terms of local fluid
dynamics, the surgically-created circuit should not
cause blood-flow abnormalities.

Many post-operative clinical studies were conducted
to observe the blood flow in Fontan patients, mainly
using echocardiography (Nakazawa et al. 1987
Frommelt er al. 1991; Kobayashi et al. 1991; Penny
and Redington, 1991) and ZMRI (Rebergen et al.
1993). There has been very little in vitro study on
the hemodynamics of the CP connection (de Leval
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et al. 1988; Low et al. 1992; Kim et al. 1995;
Dubini ez al. 1996). Although these studies help to
understand the hemodynamics of the CP connection,
it is often difficult to make comparisons because of
the differences in model geometry, flow rates and
the position of measurement. It is important to
obtain quantitative information to optimize the he-
modynamic design of the CP connection.

The objective of this study was to quantify and
qualify the flow fields and pressure loss of the CP
connection in the models by using flow visualization
techniques and pressure measurements. The results
of this study of the complicated flow characteristics
in the CP connection could help provide information
about the optimal surgical methods used to correct
these congenital heart defects.

and the left pulmonary artery (LPA). Fig. 1 shows
a schematic drawing of Model 1. The diameter of
the model was determined based on the post-opera-
tive data of a four-year-old patient. Fig. 2 shows the
other models with different geometric parameters.
Models I, 1I and III have the same position as the
center of the anastomosis of the IVC with that of
the SVC, but Models IV and V have 10 mm offset

RPA -=— —=> LPA D=106

MATERIALS AND METHODS

To understand the local fluid dynamics for dif-
ferent designs of the CP connection, five models
were made out of Pyrex glass to facilitate in vitro
study. The models consisted of the SVC, IVC, RPA
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Fig. 1. Size and geometry of Model I
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Fig. 2. Geometry of Model II, .III, 1V and V.
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between them. Also, the anastomotic junction angles
are different (Models I and IV: 90°, Models II and
V: 70°, Model III: 45°). These models were then
connected to a flow loop for flow visualization
study. The schematic of the steady flow system is
shown in Fig. 3. The exit was drained into a com-
mon fluid reservoir. The fluid was returned from this
reservoir to a couple of constant-head tanks using
a steady flow pump. From these tanks, the fluid
flowed through two polyethylene tubes connected to
the IVC and SVC of the models. The RPA and LPA
of the models were also connected to two poly-
ethylene tubes which returned the fluid to the
reservoir.- Therefore, the inlet and outlet flows of the
model could be controlted individually. Water-gly-
cerin solutigns were uset as a blood-analog fluid. At
room temperature the fluid had a density and vis-
cosity of 110 g/cc and 3.5 cP, respectively. Flow
rates of 2 and 3 L/min were controlled by using
resistances on the tube and 1/3 of the total flow
passed through the SVC and 2/3 passed through the
IVC. The flow rates were measured by placing the
rotameters inline proximal to the IVC and SVC, and
distal to the RPA. For flow visualization study,
spherical Amberlite particles sized 50-200 im were
added to the blood analog fluid and illuminated with
two. 60W white lights. The flow streaklines were
obtained by photographing the models using a 35
mm camera.

For a quantitative evaluation of the path of the

|

particles through the models, the particles were
added only to the IVC, and then the amount of
particles coming out of the RPA and LPA was
measured after drying the particles completely. Each
experiment was repeated three times for each model.
The flow streaklines coming out of the IVC were
photographed to analyze the flow distribution in the
models. The experiments were conducted at a total
flow rate of 2 and 3 L/min.

The pressure drop across each model was ob-
tained to determine the flow dynamic efficiency of
the model based on each geometric configuration.
The pressure was measured from the taps on each
model’s inlet and outlet. The positions of the taps
on Model I are shown in Fig. 2. All taps were
positioned at the midsection of the conduit, 50 mm
from the conduit junction. Each measurement was
repeated three times at the same model. The
experiments were conducted at the total flow rate of
2 and 3 L/min.

RESULTS

The flow visualization study was conducted only
at the total flow rate of 2L/min because there was
no significant difference in flow pattern by varying
the flow rate in this experiment. From the flow
visualization study, the form and movement of flow
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Fig. 3. In vitro steady flow system.

Number 1

35



Sang Hyun Kim, et al.

patterns were best observed in real time. In Model
I, flows from the IVC and SVC were mixed in the
middle of the junction (Fig. 4a) and turned toward
the RPA and LPA after dividing evenly in half (Fig.
4b). No dominant vortex was seen in the central
region of the junction, but a very unstable fluid
mixture was created. The swirling caused by the
mixture continued as it flowed through the RPA and
LPA. In Model II, an unstable vortex was created
(Fig. 5a). This vortex covered the central region of
the junction without any stagnation regions. The
flows from the IVC and SVC were separated just
after changing their direction so that small stagna-
tion zones were created at the starting points of the

RPA and LPA. The flows from the IVC turned
dominantly toward the LPA (Fig. 5b). In Model I1I,
the flow patterns were very similar to those of
Model II (Fig. 6a). A large vortex, greater than that
of Model I, covered the entire region of the
junction. The flow from the IVC turned more
dominantly toward the LPA than it did for Model
II (Fig. 6b). In both Models IV and V, a significant
stagnation region was created in the middle of the
offset region (Fig. 7, Fig. 8). The flows from the
IVC turned dominantly toward the RPA in both
models. Especially in Model V, the flow was very
stable and most of the flow from the IVC turned
toward the RPA.

Fig. 4. Flow patterns in Model I: (a) when particles added into the IVC and SVC; (b) when particles added into IVC

only.

Fig. 5. Flow patterns in Model II: (a) when particles added into the IVC and SVC; (b) when particles added into
IVC only.
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Fig. 6. Flow patterns in Model Ili: (a) when particles added into the IVC and SVC; (b) when particles added into
IVC only.

Fig. 7. Flow patterns in Model 1V: (a) when particles added into the IVC and SVC; (b) when particles added into
IVC only.
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Fig. 8. Flow patterns in Model V: (a) when particles added into the IVC and SVC, (b) when particles added into 1VC
only.
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Table 1 shows the results of weighing the par-
ticles coming out from the LPA and RPA after
adding particles into the IVC to evaluate the quan-
titative path of the particles through the models. In
Model I, as shown in Fig. 4b, both flows from the
IVC and SVC turned evenly toward the RPA and
LPA. In Model II, 62% of the flow from the IVC
turned toward the LPA at the total flow rate of

Table 1. The percentage of flow from the SVC and
IVC toward the LPA and RPA

From IVC From SVC
Model
No. 2L/min 3L/min 2L/min 3L/min
LPA 50 50 50 50
1
RPA 50 50 50 50
LPA 62 61 26 28
I
RPA 38 39 74 72
LPA 71 69 8 12
1 |
RPA 29 31 922 88
LPA 22 23 100 100
v
RPA 78 77 0 0
LPA 23 23 100 100
v
RPA 77 77 0 0

Table 2. The pressures (mmHg) measured in the models

2L/min. The unbalanced flow became greater in
Model II, where the anastomotic junction angle was
increased. Total flow rate was not a significant
factor in determining the flow distribution of the
models. The opposite flow ratios from Models II and
III were obtained in Models IV and V. Most of the
flow from the SVC turned toward the LPA in
Models IV and V.

The pressure measured at the inlet and outlet
sections of the models are shown in Table 2.
Generally, as the total flow rates increased from 2
to 3 L/min, the pressure in the models increased.
The pressure in the LPA and RPA was greatest in
Model IV.

DISCUSSION

In this paper the results of flow visualization
study, flow distribution and pressure measurements
in five types of CP connections are presented. This
experiment extended previous results (de Leval et al.
1988; Low et al. 1992; Kim et al. 1995; Dubini et
al. 1996) by using a greater variety of flow models
to obtain quantitative information to help optimize
the hemodynamic design of the CP connection. The
flow pulsation effects were negligible since the right
atrium and ventricle are totally bypassed and the
inlet flows are from venous districts. As a conse-
quence, the rigid wall of the models could be thought
reasonable.

Position

Model ﬁow Ve sVC RPA LPA

No. rate(L/min) (mmHg) (mmHg) (mmHg) (mmHg)
I 2 10.0 29 5.8 5.9

3 12.6 5.6 8.5 8.5
I 2 13.1 6.3 92 9.2

3 16.2 9.6 11.7 11.7
m 2 12.2 6.8 9.0 94

3 14.6 9.4 11.6 11.5
v 2 14.7 6.9 10.2 . 10.3

3 18.0 10.4 132 - 134
\'4 2 11.7 4.5 74 . 7.7

3 150 5.0 9.5 ! 99
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Flow visualization studies showed a highly swirling
flow pattern in the LPA and RPA of Models I, II
and III. The mixing of the two opposing flows in
Model I created several small swirls in the middle
of the model. The mixing in Models II and II
developed to form a large vortex at the center of the
anastomotic junction. The momentum imparted to
the fluid by the vortex was carried with the fluid
as it left the junction through the LPA and RPA.
The severe mixing caused fluid energy loss as was
observed in the models. In addition to the fluid
energy loss due to viscous dissipation caused by the
swirling, there were further energy losses due to a
pressure drop caused by the increase in mixing
associated with opposing flows. As shown in Table
2, there was little difference in pressure between
Models II and III. That is because of the similarity
in their design, except that the anastomotic junction
angle is different for both models. But larger energy
losses were expected in comparison to with Model
I. The flow ratio of the IVC to the LPA was greater
than that to the RPA in Models I and III. The flow
patterns in Models IV and V showed that the flow
ratio of the IVC to the LPA and RPA highly
depended on the offset of the junction rather than
on the anastomotic junction angle. Table 2 shows
the pressure differences between the IVC and SVC
were minimal, but that the pressure in the RPA and
LPA had wide variations by changing the geometry
of the model. This suggested that the geometry
designed for this study had no significant effect on
the pressure drop in the RPA and LPA. In addition
to the reduction in energy losses, a correct pulmo-
nary flow balance is important because an unbal-
anced flow distribution may cause severe damage to
the lungs. Considering that the oxgen-exchange
performance of the left lung is better than the right,
and that IVC flow is twice that of SVC flow,
physiologically it is desirable that more IVC flow
should turn toward the RPA. Model V is best suited
to this physiological condition, but the stagnation
zone created in the offset should be reduced by
shortening the length of the offset.
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