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Background. Understanding the hemodynamics of the
otal cavopulmonary connection may lead to further
ptimization of the connection design and surgical plan-
ing, which in turn may lead to improved surgical
utcome. Although most experimental and numerical
nvestigations have mainly focused on somewhat simpli-
ed geometries, investigation of the flow field of true
natomic configurations is necessary for a true
nderstanding.
Methods. An intraatrial connection was reconstructed

rom patient magnetic resonance images and manufac-
ured using transparent stereolithography. Power loss,
ow visualization, and digital particle image velocimetry
s well as computational fluid dynamics simulations
ere performed to characterize the anatomic flow struc-

ure. Given the complexity of the anatomic flow, two
implified versions of the geometry were manufactured
nd run through power loss and flow visualization

tudies.
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Results. Experimental measurements revealed com-
lex, unsteady, and highly three-dimensional flow struc-

ures within the anatomic model, leading to high pres-
ure drops and power losses. The small vessel diameters
ere the primary cause of these losses. Numerical simu-

ations demonstrated that most of the dissipation oc-
urred in the pulmonary arteries. Finally, asymmetric
ulmonary diameters together with the bulgy intraatrial
onnection favored the rise of flow unsteadiness and
nbalanced lung perfusion.
Conclusions. The technique developed in this study

nabled a deeper understanding of the hemodynamics
ehind an intraatrial connection. Future endeavors
ould be to study variation among differing surgical

echniques, comparing intraatrial and extracardiac ap-
roaches.

(Ann Thorac Surg 2005;79:2094–102)

© 2005 by The Society of Thoracic Surgeons
ince its inception, modifications of the Fontan proce-
dure [1] brought postoperative mortality down to the

evel of simpler congenital heart defect repairs. However,
he marked improvement in surgical outcome is bal-
nced by numerous and serious long-term complications
ncountered by patients undergoing Fontan procedures,
uch as ventricular dysfunction, thromboembolism, ar-
hythmias, or protein-losing enteropathy [2]. Among the
ultiple variables that determine the outcome and the

uality of life of these patients, one that allows for some
egree of control is the surgically created design of the
ypass connection. Since the first in vitro experiment
erformed by de Leval and colleagues [3], understanding

he hemodynamics at the connection site to optimize the
onnection design has been a major concern. In the
urrent Fontan procedure, the total cavopulmonary con-
ection (TCPC), the superior (SVC) and inferior (IVC)
enae cavae are anastomosed in stages onto the pulmo-
ary arteries (PAs) in a cross-shaped connection. Para-
etric in vitro and computational fluid dynamic (CFD)

ccepted for publication Dec 28, 2004.

ddress reprint requests to Dr Yoganathan, Wallace H. Coulter Depart-
ent of Biomedical Engineering, Georgia Institute of Technology and
tudies have been performed on idealized and simplified
odels [4–6]. Developments in numerical capabilities

ave led to more realistic modeling of the TCPC connec-
ion [7, 8] and confirmed the importance of the connec-
ion geometry on its efficiency. However, there has not
een any study performed on an accurate replica of a
CPC involving both experimental and numerical
tudies.

The TCPC morphology is complex, with multiple geo-
etric variables, owing to various patient physiologies as
ell as to different surgical procedures. The last stage of

he TCPC alone, in which the IVC is connected to the
As, is subject to multiple approaches resulting in dras-

ically different geometries, which are expected to yield
ery different flow fields. Intraatrial tunnels, for example,
n which part of the atrial wall is used to extend the IVC
p to the PAs and provide some growth potential to the
onnection, often result in bulgy connection areas. Extra-
ardiac tunnels, in which the IVC is extended using a
ynthetic graft going around the heart, usually result in
moother geometries that are expected to yield smoother
ow fields.
The present study aims at providing a deeper under-

tanding of the hemodynamics behind physiologic TCPC

onfigurations. It features an intraatrial TCPC morphol-

0003-4975/05/$30.00
doi:10.1016/j.athoracsur.2004.12.052
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gy that was reconstructed from the chest magnetic
esonance imaging of a 13-year-old Fontan patient and
ses rapid-prototyping with the recently available trans-
arent stereolithographic resins for the construction of
natomically accurate experimental models. Two addi-
ional simplified glass models are also studied in an effort
o better understand the complex anatomic flow.

aterial and Methods

natomic Intraatrial Model
wenty T1-weighted axial magnetic resonance images
ere acquired covering the connection region of a 13-

ear-old Fontan patient who was born with a hypoplastic
eft heart syndrome and had undergone a hemi-Fontan at
he age of 6 weeks, followed by an intraatrial TCPC
rocedure at the age of 17 months. The TCPC blood
olume (Fig 1A) was reconstructed from the magnetic
esonance imaging data and used to generate both the
umerical mesh and the experimental model. To avoid

he laborious casting processes [9], the design was in-
erted within a computer-aided design software package,
-DEAS 9.0 (EDS, Plano, TX), and the experimental model
as manufactured using the rapid-prototyping technol-
gy with a transparent resin, Vantico Renshape 5510
Renshape Solutions, Cambridge, UK). As computer-
ided design data may also be directly exported for CFD
rid generation, this methodology, which is further de-
ailed by de Zélicourt and associates [10], results in
dentical experimental and numerical models that repli-
ate the patient’s anatomy within 0.7 mm with the reso-
ution of our magnetic resonance imaging and rapid-
rototyping hardware.

implified Glass Models
he two additional simplified glass models that were
anufactured were designed as an extension of earlier

arametric studies and meant to isolate the impact of the
arge connection area and of the small vessel dimensions,
ith a left pulmonary artery (LPA) smaller than the right
ulmonary artery (RPA).
Model 1 (Fig 1B) reproduced the anatomic vessel

iameters used by Ryu and coworkers [5] and Liu and
ssociates [6], namely 8 mm, 13.3 mm, and 15 mm for the
VC, the PAs, and the IVC, respectively. The vessels
ere flared at the anastomosis site. The radius of curva-

ure at the connection was equal to the radius of the
onnecting vessel. Although both of the above studies
ncluded a caval offset and a smooth connection area,

odel 1 featured no caval offset and a large connection
rea that reproduced the hydraulic diameter of the ana-
omic model, 18 mm.

Model 2 (Fig 1C) was identical to model 1 except for the
essel diameters that reproduced the hydraulic diame-
ers of the anatomic model 1 cm away from the connec-
ion, namely 13.3 mm, 5 mm, 5 mm, and 8 mm for the

VC, SVC, LPA, and RPA, respectively. m
low Loop and Instrumentation
ll experiments were conducted under steady inflow

onditions. Total cardiac output ranged from 1 to 3
/min. Additional runs at 4 L/min were performed on

ig 1. The anatomic intraatrial model reconstructed from magnetic
esonance imaging (A) and the two simplified glass models (B and
). (IVC � inferior vena cava; LPA � left pulmonary artery; RPA
right pulmonary artery; SVC � superior vena cava; Ø �

iameter.)
odel 1 to enable the comparison with previous studies
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n similar geometries [6]. The SVC/IVC flow ratio was
xed at 40/60 to reflect the flow splits seen in older
hildren, whereas the RPA/LPA ratio was varied from
0/70 to 70/30 by 10% increments to simulate variable
ulmonary flow splits. A solution of water–glycerin re-
roduced the kinematic viscosity of blood (v � 3.5 cSt �
.1 cSt). Sodium iodide was added to match the refractive
ndex of the stereolithographic resin (n � 1.51) for the
igital particle image velocimetry studies.

ydrodynamic Power Loss
oles were taped into the tubing extension of each vessel

0 cm away from the center of connection. Differential
tatic pressures were acquired at each location with
eference to the IVC. Twenty-four independent measure-
ents were taken for each flow condition. They were

orrected for pressure head bias and then used to com-
ute power losses across the connection using an inte-
rated, control-volume energy balance [11]:

ELoss � �
Inlets

Pi · Qi � �
Outlets

Pi · Qi (1)

here Pi and Q̇i , respectively, are the corrected static
ressure and the volumetric flow rate in each vessel. The
4 power loss values obtained for each flow condition
ere averaged into a single data set with the correspond-

ng standard deviation.

qual Pulmonary Vascular Resistance
n a patient, the pulmonary flow split is imposed by the
esistance encountered by the blood as it goes through
he lungs. To assess the quality of the lung perfusion
ssociated with each TCPC design a simple lump param-
ter model was implemented to incorporate the pulmo-
ary vascular resistance (PVR). Given the small size of

he capillaries, the linear Darcy’s model holds for the
apillary lung flows:

RLeft · QLPA � PLPA � PPV (2)

RRight · QRPA � PRPA � PPV (3)

here RLeft and RRight are the left and right lung resis-
ances, Q̇LPA and Q̇RPA are the flow rates through the LPA
nd the RPA, and PLPA, PRPA, and PPV are the pressures in
he LPA, RPA, and in the pulmonary venous return.
ubtracting equation 3 from equation 2, we obtain the

ollowing relation:

RRight · � 
RLeft

RRight
QLPA � QRPA�� PLPA � PRPA (4)

The difference in pressure between the two pulmonary
rtery branches, PLPA � PRPA, is known from the experi-
ental measurements as a function of flow split, Q̇RPA/

˙
LPA. Equation 4 can thus be solved with respect to the
ulmonary flow split. The solution provides the amount
f blood going to the left and right lung when the TCPC
nder study is coupled with the two PVR values RLeft and
Right. In this study, we assumed both lungs to have a
imilar resistance: R and R were set to an average
Left Right

VR value of 1.8 Wood units. i
elocity Field Characterization
ualitative flow visualization was performed on all mod-

ls by injecting a mixture of soap and dry pigments into
he venae cavae. A high-speed digital camera (Basler
504k, Basler AG Vision Components, Ahrensburg, Ger-
any) captured the streak lines at 500 frames/s. Two-

imensional digital particle image velocimetry was per-
ormed using a TSI system (TSI Inc, Shoreview, MN) on
he anatomic model only. Velocity data were acquired in
he sagittal direction. Three hundred paired frames were
cquired at each location. The velocity fields were then
omputed and averaged using DaVis 6.2.2 (LaVision
mbh, Gottingen, Germany) software.

umerical Simulations
omputational fluid dynamic simulations were carried
ut with the commercial CFD package FIDAP (Fluent Inc,
ebanon, NH) concurrently to the experiments and run
nder the same conditions and assumptions as the ex-
erimental setup, namely incompressible, laminar flow
ith steady inflow conditions and rigid vessel walls. The
rst-order accurate CFD solutions of FIDAP agreed well
ith time-averaged experimental flow fields and control-

olume power loss measurements. Grid generation,
esh refinement, numerical verification, and validation

fforts are further detailed by Pekkan and colleagues [12].

esults

odel 1
revious studies [4, 11] have demonstrated that the
bsence of caval offset leads to increased flow distur-
ance. In model 1 (Figs 2a, 2b), the caval flows collided in

he center of the connection. The flow then swirled
elically toward the PAs. Depending on the pulmonary
ow split, the caval flows were directed preferably to-
ard the left or the right side of the connection.
The losses observed in model 1 (Fig 3) were on the

ame order of magnitude as those observed by Ryu and
olleagues [6] for the same vessel diameters. At all flow
ates, minimum losses occurred at 50/50 RPA/LPA,
hereas maximum losses were observed at both 30/70

nd 70/30 RPA/LPA. Because of the symmetry of the
odel, the power losses had a symmetric behavior with

espect to the pulmonary flow splits. Subsequently, the
qual PVR point was 50/50 RPA/LPA.

odel 2
n model 2, the colliding caval flows no longer generated

stagnation region. Instead, the SVC flow went down
nto the connection, initiating an important clockwise
ecirculation throughout the entire connection that dis-
ributed the flow to the two PAs (Figs 2C, 2D). After
ecirculating throughout the pouch, the two caval flows
ere split between the LPA and RPA. As more flow was
irected toward the RPA, the vortex lost strength and
oved toward the LPA. At 70/30 RPA/LPA, the vortex

ould not be clearly identified. In its place, minor flow

nstability took place along the left wall of the connection,
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lthough most of the flow went directly into the RPA.
inally, because of the bulgy aspect of the connection, the
ixing of the caval flows was not two- but rather three-

imensional through all flow conditions. The high-
elocity flow coming out of the SVC pushed the IVC
tream toward either the anterior or the posterior side of
he connection leading to three-dimensional mixing be-
ore entering the PAs with a helical pattern.

The losses observed in model 2 were one order of
agnitude higher than those observed in model 1 and
ere highly dependent on the pulmonary flow ratio (Fig

). Minimal losses occurred at 70/30 RPA/LPA, and were
5% to 65% lower than those measured at 30/70 RPA/
PA. At 3 L/min, when more than 50% of the flow was
irected through the LPA, the flow in the LPA was

urbulent (Reynolds number � 2,300). The RPA flow
emained in the laminar regimen throughout all flow
onditions. The equal PVR point no longer corresponded
o a 50/50 RPA/LPA flow split irrespective of the total
ow rate; instead, it corresponded to a 62/38 RPA/LPA
ow split at 1 L/min and went to an even more unbal-
nced flow split of 70/30 RPA/LPA at 2 and 3 L/min.

natomic Intraatrial Model
NATOMY. The characteristic dimensions of the intraatrial

CPC (Fig 1A) were considerably smaller than what had
reviously been studied in the TCPC literature [5, 6]: the
ydraulic diameters 2 cm away from the connection area
ere only 5.4 mm, 4.6 mm, 4.6 mm, and 13.1 mm for the
PA, LPA, SVC, and IVC, respectively. There was no
aval offset. The central connection area, which had a
ydraulic diameter of 18 mm, was larger than any of the
onnecting vessels. The vessels were flared toward the
onnection site: typically the LPA diameter ranged from
3.0 mm at the anastomosis site down to 5.2 mm and 4.6
m, 1 cm and 2 cm downstream of the connection,

espectively. In the same manner, the SVC and RPA
onnected to the pouch with a hydraulic diameter of 9.6
m and 10.5 mm, respectively, but quickly tapered down

o the dimensions previously mentioned. Finally, all four
essels were not coplanar. Although both the IVC and
PA stood in the coronal plane, the SVC and LPA bent

oward the posterior side.
LOW STRUCTURE. Despite the steady inflow conditions,
ow visualization revealed highly unstable three-
imensional flow structures within the anatomic connec-

ion. These instabilities may be observed going through
he series of snapshots taken at 1 L/min (Fig 5). At higher
ow rates (3 L/min), the unsteadiness was too intense to
roperly visualize the flow.

Fig 2. Flow visualization of the simplified
glass models at 4 L/min for model 1 (a, b)
and 1 L/min for model 2 (c, d); inflow split,
60/40 inferior vena cava (IVC) to superior
vena cava (SVC); outflow split, 50/50 left
pulmonary artery (LPA) to right pulmonary
artery (RPA). Dye injected from the superior
vena cava (top) and inferior vena cava
(bottom).
As is further discussed by Pekkan and coworkers [12],
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he averaged CFD and digital particle image velocimetry
esults were in close agreement (Fig 6) and were used to
btain quantitative flow information. Because of optical

imitations, only two-dimensional sagittal velocity fields
ould be acquired using the digital particle image veloci-
etry system. The validated CFD results were used to

rovide the total velocity magnitude (including all three
elocity components) in the sagittal planes previously
maged, as well as in the coronal and axial directions (Fig
).
Quantitative and qualitative findings are summarized

n Figure 8. The SVC flow was three times faster than the
VC flow, and the LPA stream two times faster than the
PA stream for an equal share of the flow. The high-
nergy SVC stream was directed toward the anterior wall
f the pouch and went far down into the connection area,
enerating a clockwise recirculation. The flow toward the
osterior wall showed less disturbance and was domi-
ated by the IVC flow. At the 70/30 RPA/LPA flow split,
highly unstable stagnation point was observed between

he SVC and RPA anastomosis site. The caval flows
ntered the PAs either directly or after a thorough
ixing, which filled up the pouch with streak traces. At

ther moments, caval flows would first flow into the
tagnant SVC region and then reenter the pouch and
ow into the PAs. At the 30/70 RPA/LPA flow split, the
tagnation point could not be clearly identified. Mixing

ig 3. Control volume power losses in model 1, at 1, 2, 3, and 4
/min, with a 60/40 inferior vena cava to superior vena cava flow
plit. (Rlung � lung resistance; RPA � right pulmonary artery.)
nd flow disturbances could still be observed along the P
nterior wall. The IVC flow went along the posterior side
nto the LPA with little or no disturbance. Pulmonary
rtery flow was characterized by a helical pattern.
OWER LOSSES. Figure 9 displays the experimental power
osses for 1, 2, and 3 L/min. They were two orders of

agnitude higher than those observed in model 1 and
nly twice as high as in model 2. Similarly to model 2,
hey demonstrated a high sensitivity to pulmonary flow
plit, increasing at an always faster rate as the amount of
he flow going to the RPA decreased. Minimum losses
ere observed when 60% to 70% of the flow was directed

nto the RPA and were 30% to 40% lower than those
ccurring at a 30/70 RPA/LPA flow split for the same total
ardiac output.

For flow regimen assessment, Reynolds numbers (Re)
ere computed on the basis of the hydraulic diameters 2

m away from the connection. Caval flow remained in the
aminar regimen for all flow rates (Re � 1,800). At 3
/min, LPA flow became turbulent (Re � 2,300) when
0% of the total flow or more was directed to the LPA.
imilarly, the RPA flow became turbulent at 3 L/min
hen more than 60% of the flow was directed to the RPA.
he pulmonary flow splits at which the PA flow is

urbulent are represented with a dashed line in Figure 9.
hey correspond to those at which the data distribution
as wider as a result of unsteady flow conditions in the

ig 4. Control volume power losses in model 2, at 1, 2 and 3 L/min,
ith a 60/40 inferior vena cava to superior vena cava flow split.

Rlung � lung resistance; RPA � right pulmonary artery.)
As.
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omment

s has been summarized in the results section, the
bsence of caval offset in the anatomic intraatrial model
esulted in important flow disturbance, which was en-
anced by the large connection area. The smaller dimen-
ions and the faster tapering of the LPA led to an
nbalanced lung perfusion that favored RPA flow. The
orresponding losses were two orders of magnitude
igher than those observed in simpler glass models

model 1) and demonstrated a high sensitivity to pulmo-
ary flow split.
The absence of caval offset combined with the pouch-

ike connection was modeled in model 1, inducing a 30%
o 40% increase in power losses when compared with the

ig 5. Flow visualization of the intraatrial model at 1 L/min. (IVC �
ary artery; SVC � superior vena cava.)
deal connection designed by Ryu and associates [6] for l
he same vessel diameters. The absence of caval offset
ncreased the flow disturbance [4, 11, 13]. In the anatomic

odel, these flow instabilities were exacerbated by the
omplexity of the geometry. The wider connection site
rovided an extra degree of freedom, and three-
imensional flow patterns appeared where the caval
ows collided. Additionally the diameter mismatch be-

ween the connection area and the connecting vessels
ncreases the amount of flow separation and thus the
nergy dissipation.
Ryu and colleagues [6] found that changing the curva-

ure of the PAs had less of an impact on the power losses
han varying the diameters of the venae cavae. Similarly
ere, the aforementioned 30% to 40% increase in power

ior vena cava; LPA � left pulmonary artery; RPA � right pulmo-
infer
osses caused by a suboptimal design of the connection
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ig 6. Quantitative assessment of
he flow field using digital particle
mage velocimetry (PIV) and com-
utational fluid dynamic (CFD)
ethods. Flow conditions: 3 L/min,

0/40 inferior vena cava to supe-
ior vena cava, and 50/50 left pul-
onary artery to right pulmonary

rtery. The sagittal velocity maps
re indexed from the most anterior
lane (A) to the most posterior
lane (D). The location of the sag-
ttal planes is shown in Figure
(1).
ig 7. Assessment of the total
elocity using computational
uid dynamic methods; at 3
/min, 60/40 inferior vena cava

o superior vena cava, and 50/50
eft pulmonary artery to right
ulmonary artery. The location
f the sagittal (A to D), coronal
E), and axial (F) planes is
hown in schematics 1 and 2.
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rea was negligible when compared with the 600% to
00% increase that was observed when changing the
essel diameters of model 1 down to those of model 2.
his may be explained by the fact that most of the energy

s dissipated through viscous friction along the walls.
Contrary to model 1, an important clockwise recircu-

ation was noted in the connection site of model 2 (Figs
C, 2D) because of the difference between the LPA and
PA diameters. Computing the equal PVR points of each
odel underlined that asymmetric pulmonary diameters

ead to uneven lung perfusion. Although the functioning
oint of model 1 was at about 50/50 RPA/LPA for all flow
ates, model 2 and the anatomic model clearly favored
ight lung perfusion, with an equal PVR point around
0/30 RPA/LPA. Lung perfusion was found to be even
ore unbalanced as the cardiac output increased: in the

natomic model the equal PVR point corresponded to
9/41 RPA/LPA at 1 L/min versus 65/35 RPA/LPA at 3
/min. In model 2, the uneven lung perfusion resulted

rom the asymmetry in vessel diameter between the LPA
nd RPA. In the anatomic model, it resulted from the
ombined asymmetries of the PA diameters and of their
aring rate.
Numerical results and experimental flow visualization

onfirmed the presence of secondary flow structures in

ig 8. Schematic of the flow structure in the intraatrial model at 1
/min, 60/40 inferior vena cava to superior vena cava, and 70/30

eft pulmonary artery to right pulmonary artery. (IVC � inferior
ena cava; LPA � left pulmonary artery; RPA � right pulmonary
rtery; SVC � superior vena cava.)
he PAs of the anatomic and simplified models. Helical m
ulmonary flow as a result of the colliding caval flows has
een observed in most TCPC models, from the simplest

dealized glass models to more sophisticated numerical
odeling [6, 14, 15]. It has a positive impact as it mini-
izes pulmonary flow separation and prevents the for-
ation of stagnation regions at the entrance of the PAs.
owever, these secondary flow structures may also be

ne of the major sources of power losses as they increase
he friction along the vessel walls. Increased disturbances
n the connection area enforce the secondary flow struc-
ures in the PAs. The CFD pressure map (Fig 10) dem-
nstrated that most of the pressure drops, and subse-
uently most of the losses, occurred at the entrance of the
As. In the anatomic case studied here, the impact of
elicity on the power losses was brought to an even
igher level because of the rapid tapering of the arteries,
hich accelerated the flow along the walls, especially in

he LPA, which tapered down faster than the RPA.
In the anatomic model, the vessels were flared to make

p for the diameter mismatch with the large connection
rea. Rapid tapering of the vessels led to flow separation
n the SVC and increased wall friction in the LPA. Ideally
he transition between the connection area and the
essels should be as smooth as possible, but may be
onstrained by other vessels or organs. Avoiding large
onnection areas would also minimize the diameter

ig 9. Control volume power losses in the anatomic intraatrial
odel. At 3 L/min, fully developed turbulence took place in the left

ulmonary artery (LPA) below 50% right pulmonary artery (RPA)
nd in the left pulmonary artery above 60% right pulmonary artery.
IVC � inferior vena cava; SVC � superior vena cava.)
ismatch.
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The intraatrial TCPC presented here was characterized
y high power losses owing to (1) the absence of caval
ffset, (2) the large connection area, and (3) the dimen-
ion of the vessels. Most of the energy was dissipated in
he PAs through wall friction. The diameter of the PAs is
hus a crucial factor, which is especially relevant for
atients with PA stenosis. The connection area should
atch the diameter of the connecting vessels as closely as

ossible because important dimension mismatch in-
reased the flow disturbances at the center of the con-
ection, and abrupt changes in vessel diameters yielded
igher energy dissipation and flow separation with stag-
ant flow regions.
The main limitations of this study are that it features a

ingle patient anatomy and uses rigid models. The com-
liance of the baffle and its motion when the single
entricle contracts are still unknown. The compliance
rovided by latex-type materials, such as Sylgard, may
ot have been any more relevant than noncompliant
odels.
The methodology proposed here focused on the geo-
etric accuracy of the reconstructed vessels. It applies to

ny patient, and the reconstructed geometry can be
odified on a computer and studied numerically and

xperimentally. Future endeavors include studying a

ig 10. Pressure distribution in the anatomical intraatrial model at 1
/min; inlet flow split: 60/40 inferior vena cava to superior vena
ava; outlet flow split: 70/30 left pulmonary artery to right pulmo-
ary artery. Pressures are given in millimeters of mercury. Inferior
ena cava pressure was chosen as the reference (Ref.).
arger number of patient anatomies, focusing on the
ariation among differing TCPC techniques, and directly
omparing intraatrial and extracardiac connections. Ad-
itional factors such as flow pulsatility and wall compli-
nce should be also addressed.
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