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Abstract

This study focuses on the dynamic flow through the fetal aortic arch driven by the concurrent action of right and left ventricles. We

created a parametric pulsatile computational fluid dynamics (CFD) model of the fetal aortic junction with physiologic vessel geometries.

To gain a better biophysical understanding, an in vitro experimental fetal flow loop for flow visualization was constructed for identical

CFD conditions. CFD and in vitro experimental results were comparable. Swirling flow during the acceleration phase of the cardiac cycle

and unidirectional flow following mid-deceleration phase were observed in pulmonary arteries (PA), head-neck vessels, and descending

aorta. Right-to-left (oxygenated) blood flowed through the ductus arteriosus (DA) posterior relative to the antegrade left ventricular

outflow tract (LVOT) stream and resembled jet flow. LVOT and right ventricular outflow tract flow mixing had not completed until �3.5

descending aorta diameters downstream of the DA insertion into the aortic arch. Normal arch model flow patterns were then compared

to flow patterns of four common congenital heart malformations that include aortic arch anomalies. Weak oscillatory reversing flow

through the DA junction was observed only for the Tetralogy of Fallot configuration. PA and hypoplastic left heart syndrome

configurations demonstrated complex, abnormal flow patterns in the PAs and head-neck vessels. Aortic coarctation resulted in large-

scale recirculating flow in the aortic arch proximal to the DA. Intravascular flow patterns spatially correlated with abnormal vascular

structures consistent with the paradigm that abnormal intravascular flow patterns associated with congenital heart disease influence

vascular growth and function.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The fetal aortic arch is formed by the great vessels of the
human arterial circulation and functions as a conduit for
multiple flow streams during fetal life. The fetal aortic arch
has two inlets represented by the right and left ventricular
e front matter r 2008 Elsevier Ltd. All rights reserved.
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outflow tracks (RVOT and LVOT), and distributes
oxygenated blood from the placenta and deoxygenated
blood from the fetus via two outlets represented by the
ascending aorta and pulmonary arteries to the head-neck
vessels and the descending aorta (DAo) (Brezinka, 2001;
Long, 1990; Sadler, 2006). The fetal aortic arch is in
constant transformation in order to optimally match the
hemodynamic requirements of the growing embryo (Keller
et al., 2007). The higher oxygen saturated blood from the
placenta is diluted with deoxygenated blood through a
series of mixing events, while maintaining preferential flow
of higher saturated blood to the developing brain (Black-
burn, 2006; Stock and Vacanti, 2001; Szwast and Rychik,
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Fig. 1. Fetal aortic arch junction. The parametric solid computer aided design model in (a) with the normal vessel dimensions, given in parenthesis in

millimeters. The glass replica of this model is shown in (b) which is used in flow visualization experiments. This idealized model has physiological vessel

dimensions and flow rates for human fetus at late gestation (DA: ductus arteriosus, LVOT: left ventricular outflow tract, RVOT: right ventricular outflow

tract, DAo: descending aorta, LPA: left pulmonary artery, RPA: right pulmonary artery). Vessel diameters (LVOT, RVOT, DA, PA, DAo) in mm used

for congenital morphologies are as follows: HLHS (1.5, 12, 6, 10–7, 7.5), TOF (12, 5, 5, 8–5, 7.5) and PAT (0, 12, 5, 9–6, 7.5), respectively. Corresponding

morphologies span a hypoplastic LVOT (HLHS) to a hypoplastic RVOT (PAT) (see also Fig. 7a).
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2005). The fetal circulation (Allan et al., 2000; Huhta, 2001;
Kiserud, 2005; Phoon, 2001) functions in a fail-safe mode

where brain perfusion is ‘‘spared’’ in the setting of reduced
antegrade aortic arch flow due to the presence of a parallel
circulation with the capacity for retrograde perfusion via
the ductus arteriosus (DA) (Fig. 1a). While the DA usually
involutes spontaneously during the first week of life, a
persistent DA is a common post-natal cardiovascular
problem and may be essential for survival in the setting
of some forms of congenital heart disease (CHD)
(Frydrychowicz et al., 2007; Schneider and Moore, 2006).
Patency of the DA can be maintained pharmacologically to
support systemic and/or pulmonary blood flow in the
setting of complex, cyanotic CHD where hypoplasia of the
LVOT reduces antegrade aortic arch flow or hypoplasia of
the RVOT reduces antegrade PA flow.

Cardiovascular solid mechanics and hemodynamic
studies of cardiac development have predominantly fo-
cused on early embryonic stages and ventricular flows

(Gleason et al., 2004; Nerurkar et al., 2006; Ramasubra-
manian et al., 2006). In 1928, Harvard University
anatomist Bremer sketched the 3D spiral flow streams in
fetal chick hearts at several developmental stages and
highlighted the association between form and flow
(Bremer, 1928). Systematic in vivo flow visualization
confirmed these observations where CHDs reproducibly
created via altered venous flow patterns (Hogers et al.,
1995). Engineering fluid dynamic analysis tools have only
recently supported the quantification of these observations.
Pioneering fluid mechanics experiments performed by
Gharib and co-workers (Forouhar et al., 2006; Hove
et al., 2003) used high-frame rate confocal particle image
velocimetry systems on zebrafish embryos and by Venne-
mann et al. (2006) used conventional microscopic particle
image velocimetry techniques in chick embryos. Limited
data is available using complementary computational fluid
dynamics (CFD) analysis in the developing human heart.
DeGroff et al. (2003) used postmortem micro-dissected
human fetal ventricles at the pre- and post-looping stages
(Pentecost et al., 2001) and Loots et al. (2003) used a
simplified tubular heart model to perform CFD simula-
tions. More recently, analysis of fluid-structure interactions
in the outflow-tract (Rugonyi et al., 2007), active embryo-
nic heart analytical models (Taber et al., 2007), and
mechanical loading of the atrioventricular cardiac cushions
(Butcher et al., 2007) in chick embryo have been presented.
To our knowledge the hemodynamics of fetal aortic arch
during mid-to-late gestation period has not been investi-
gated in spite of its clear significance to perinatal/neonatal
arch structure and function (Friedman and Fahey, 1993;
Maeno et al., 1999) and the clinical management of
patients with CHD (Cohen, 2001; Hoffman and Kaplan,
2002). Likewise, excellent previous studies have investi-
gated the dynamics of the embryonic circulation through
lumped parameter models (Pennati et al., 2003; Pennati
and Fumero, 2000; Peskin, 1981; Yoshigi and Keller, 1997;
Yoshigi et al., 2000); the main focus of the current study is
to identify the large scale 3D flow structures and baseline
governing flow physics using experimental flow visualiza-
tion and CFD models for the normal fetal aortic arch and
for great vessel flow patterns in the setting of selected major
CHDs.
Hemodynamics of the normal adult-scale aorta is a

classical topic of cardiovascular fluid dynamics (Caro et al.,
1978; Fung, 1984; McDonald, 1974) and has been
extensively studied (Jin et al., 2003; Leuprecht et al.,
2003; Mori and Yamaguchi, 2002; Morris et al., 2005;
Nakamura et al., 2006; Shahcheraghi et al., 2002; Suo,
2005; Wood et al., 2001). A detailed literature survey is
provided in our recent work, where an in vitro/in vivo
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Fig. 2. (a) Computational and experimental flow waveforms specified and

measured. The difference between these mean flow rates are less than 1%.

CFD curve had no backflow. (b) Reynolds and Womersely numbers in

major arterial vessels during late gestation. While the Reynolds numbers

remain low due to the distributed total cardiac output between right and

left hearts, unsteady effects are not negligible. Cardiac output data is

abstracted from reference Gadelha-Costa et al. (2007).
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validated, second-order accurate, transient CFD model of
the neonatal aortic arch is developed (Pekkan et al., 2007a).
Recent CFD models, focusing the normal mouse aortic-
arch, revealed lower peak Reynolds and Womersley
numbers (�250 and �2) with significantly higher wall
shear stress (Feintuch et al., 2007; Jin et al., 2007)
compared to the human aorta, where low and oscillatory
wall shear stress correlated with spatial protein expressions
(Jin et al., 2007). Similarly, hemodynamics of the central
PA tree has usually been studied in isolation (Hunter et al.,
2006). Interestingly, the fetal aortic arch requires the
integration of both of these arterial systems (pulmonary and
systemic vascular beds driven by left and right hearts) in a
single anatomical CFD domain due to its more complex
parallel arrangement and challenging topology.

2. Methodology

2.1. Idealized anatomical model

A geometric model of the human fetal aortic arch representing the late

gestation period (24–34 weeks) was created using computer-aided design

software (Proengineer) (Fig. 1a). Anatomical dimensions and orientations

were selected based on literature (Achiron et al., 2000; Long, 1990; Mielke

and Benda, 2000b) and confirmed through interviews with three

experienced pediatric cardiologists. The parametric nature enabled

practical implementation of several suggested anatomical corrections.

Based on this computer-aided design model, a glass-blown replica was

manufactured for use in in vitro experiments. Due to the technical

challenges and complexity of the aortic junction in the glass model, all

arteries had uniform average diameters with no taper, Fig. 1b.

To investigate abnormal hemodynamics, the normal parametric aortic

arch model was modified to represent the great-vessel architectures of

common CHD templates (Ilbawi et al., 2007; Wong et al., 2007);

hypoplastic left heart syndrome (HLHS), Tetralogy of Fallot (TOF) and

pulmonary atresia (PAT), see Fig. 1 caption for model dimensions.

2.2. Flow conditions

Non-dimensional numbers for great vessels are plotted as a function of

the gestational age (Fig. 2; Long, 1990; Mielke and Benda, 2001). During

late gestation, average heart rate is 143 bpm and cardiac outputs are 0.87

and 1.1L/min through the LVOT and RVOT, respectively (Kiserud, 2005;

Mielke and Benda, 2000a, 2001; Phoon, 2001). Flow waveforms used in

this study are based on typical patient-specific aortic half-sine topology

flow curves (Gadelha-Costa et al., 2007; Fig. 2). In the CFD model, no

aortic backflow is specified for simplicity to avoid boundary condition

type switching and to assure robust inflow boundary conditions however

in vitro experiments are tuned to have this slight physiologic backflow

through the set-up compliance.

For CHD templates, since the physiological RVOT and LVOT

diameters are considerably different, as a first approximation, combined

normal cardiac output is distributed between the LVOT and RVOT based

on respective cross-sectional areas, with normal waveform topology and

outflow split. Equal RPA and LPA flow was fixed at 50/50.

2.3. In vitro experimental studies—flow visualization

In the experimental flow loop, required physiological flow waveforms

are created using a novel pumping arrangement in which a steady

circulation pump and a pulsatile bulb pump is used in series. The bulb

pump is driven through a pneumatic circuit that consists of a computer

controlled pulse duplicator, compressor and solenoid valves (Leo et al.,
2005). In the present arrangement, the pulsatile bulb pump was used solely

to create the pulsatile flow component and had little effect on influencing

the total flow rate, which was adjusted with the steady pump to the desired

level generating the physiological flow waveform (Fig. 2). LVOT and

RVOT flow rates are measured using ultrasonic clamp-on flow probes

(Model T108, Transonic Inc., NY). Flow splitting between vessels was

controlled using mechanical clamps and measured using bucket-and-stop-

watch technique over a sufficient number of cardiac cycles (4150). Flow

splits were first measured under steady average flow conditions, and

verified again during pulsatile flow before flow visualization (�2.9%

deviation from target flow splits, Table 1).

In vitro cardiac gated flow visualizations are conducted using high-

density prylolite particles and recorded with a high-speed CCD camera

(A510, Basler AG, Ahrensburg) at 250 frames/s. Illumination was

provided through a halogen lamp and CW red laser. Image analysis was

performed to visualize particle traces and coherent structures from static

flow visualization images as described earlier by Chrisohoides and

Sotiropoulos (2003), which includes image background subtraction and

consecutive image summing (2–4 depending on velocity).

2.4. Computational fluid dynamics

The computer-aided design model is meshed with three grid sizes.

Results presented in the current manuscript correspond to the converged
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fine grid size having a total of �400,000 uniform tetrahedral elements

(GAMBIT, Fluent Inc., Lebanon, NH). Flow fields were computed using

the parallelized segregated finite-element CFD solver FIDAP (Fluent Inc.)

utilizing a pressure projection algorithm both with the standard first-order

and streamwise upwinding. For all runs, steady solution was used as the

initial condition for subsequent transient computation. For well-devel-

oped inlet velocity profiles, the RVOT and LVOT cross-sections were

extended. At outlets (head-neck vessels, DAo, LPA and RPA) one-

diameter size auxiliary porous domains are employed to approximate the

systemic and pulmonary resistance characteristics (Guadagni et al., 2001;

Pekkan et al., 2005b). Standard pressure outlet conditions, as evaluated in

Wang et al. (2007), for transient conditions, are adjusted one-diameter

downstream of these porous beds to maintain the target mean

physiological flow splits (LPA/RPA and head-neck/DAo). This CFD

model has been utilized in earlier studies to understand fluid dynamics of

complex CHDs and demonstrated good agreement with in vitro particle

image velocimetry experiments (Pekkan et al., 2005c, 2007b; Zélicourt

et al., 2005, 2006). Third-order convergence in time was achieved. Output

time step was fixed at 0.001 s and the blood flow was assumed

incompressible and Newtonian (r=1060kgm�3, m=3.5� 10�3 Pa s).

The vessel surfaces were treated as rigid and impermeable walls.

3. Results

3.1. Normal hemodynamics

3.1.1. Pulmonary artery flow

Flow during the acceleration phase is found to be
unidirectional with little swirl. During the deceleration
Table 1

Typical flow distribution values that are maintained between the main

vessels during in vitro flow visualization experiments

HN (%) LPA (%) RPA (%) Dao (%)

Steady split 13.9 7.3 7.2 71.6

Unsteady split 18.0 9.3 8.5 64.2

Target split 15.0 7.5 7.5 70.0

First the average target flow split is established at the steady flow

condition (typical values provided in Row 1) which is verified again during

the accompanying pulsatile (unsteady) flow experiments (Row 2) (HN:

head-neck vessels, LPA: left pulmonary artery, RPA: right pulmonary

artery, DAo: descending aorta).

Fig. 3. Snapshots of pulmonary artery flow structures. Left: particle pathlines

CFD results originating from a section at the LPA root are plotted. Middle:

swirling flow visualized experimentally at the steady mean flow condition (see
phase, both flow visualization experiments and CFD
results demonstrated distinct swirling flow at the PAs,
Fig. 3 and supplemental Movie 1. Steady mean flow
conditions also featured distinct swirling flow within the
PAs. In the steady flow particle tracking experiments, a
flow separation line extending to the RPA is observed
along the RVOT due to the curvature of the main PA
(supplemental Movie 2).
3.1.2. Aortic arch

The aortic arch flow fields are presented in Fig. 4. Due to
strong pulsatility, flow is highly uniform during accelera-
tion phase however large recirculation patterns (indicating
that flow breaking down due to instability) are observed
during the deceleration phase, Movie 3. At the roots of all
three head-neck vessels, during the deceleration phase,
recirculation bubbles are observed. These flow structures
are captured both in the CFD model and in experiments
(Fig. 4).
3.1.3. Descending aorta

Similar and in phase with the PA flow patterns, swirling
flows were observed in the DAo (supplemental Movie 4).
These flow structures are spatially and temporally visua-
lized both in the particle tracking experiments and in the
CFD studies (Fig. 5).
3.1.4. Ductal right-to-left shunting

For the normal arch configuration, flow progressing
through the RVOT preferentially flowed antegrade
through the DA as well as into the LPA and RPA. DA
shunt flow resembled a cross flow jet that stagnates at the
outer wall of the DAo. RVOT and LVOT flows remain
separated for �3.5DAo diameters within the DAo down-
stream of ductus (Fig. 6). Computational observations
were confirmed using a black-dye injection into the RVOT,
with the majority of the dye progressing preferentially
through the DA (movies are not included for brevity).
during acceleration and deceleration phases calculated from the pulsatile

instantaneous streamlines are plotted for selected cardiac phases. Right:

supplemental Movies 1 and 2).
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Fig. 4. Pulsatile flow visualization in the normal fetal aortic arch at

acceleration and mid deceleration phases. Flow pathlines are plotted for

both CFD and experiments for comparison at the same instant (see also

supplemental Movie 3). During deceleration separation bubbles are

observed for all head-neck vessels, highlighted with arrows.

Fig. 5. Comparison of swirling flow patterns in the descending fetal aorta

observed in CFD and in vitro experiments during the peak flow and mid-

deceleration phases. Flow pathlines are visualized both for CFD

computations and experiments. Cross-sectional flow streamlines are also

shown as inserts featuring instant flow swirl.
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3.2. Disease states

Results from the healthy aortic arch model allowed us
subsequently to visualize and quantify the blood flow
patterns of common CHDs at the bench-top. To our
knowledge, biofluid dynamics visualization and quantifica-
tion of these complex pathologies is novel.

3.2.1. Aortic coarctation downstream of ductus

Juxtaductal coarctation of the aorta is a common
acyanotic malformation that is produced by narrowing of
the aortic arch adjacent to the insertion of the DA and
occurs in approximately 1 in 6000 live births (Zehr et al.,
1995). When mild, this pathologic condition leads to
upper-extremity hypertension and when severe this condi-
tion can result in LV failure and cardiovascular collapse. In
order to approximate this fetal disease state on bench-top,
a variable degree aortic coarctation was created proximal
to the ductus using a balloon catheter inserted retrograde
from the DAo. This configuration resulted low velocity
large-scale flow recirculation spanning the second half of
the aortic arch, just upstream of the ductus at all phases of
the cardiac cycle. The 90% occlusion case in the supple-
mental Movie 5 can be compared with the healthy base line
flow displayed in supplemental Movie 3.

3.2.2. Common congenital heart defects (abnormal DA flow

patterns)

Pulsatile CHD velocity distributions are calculated along
the two orthogonal planes intersecting the aortic arch
junction (Fig. 7a and Movies (6–9)). In this manuscript, the
DA flow patterns of different pathologies and flow curves
during one cardiac cycle are compared, Fig. 7b. An
oscillatory DA flow with reversing flow directions occurred
only briefly for the TOF case, 6.9% of the total DA flow,
during late systole due to the tight balance of relative
RVOT and LVOT flow strengths. All other DA flows were
either completely antegrade (PA to DAo) or completely
retrograde (DAo to PA). For PAT and TOF, flow through
the DA primarily supported pulmonary perfusion (DAo to
PA), whereas in NORMAL and HLHS cases flow through
the DA was primarily systemic (PA to DA). As expected,
forward DA flow in the HLHS was almost double to that
of the normal baseline condition since both the lower body
and the head and neck were perfused via the DA. DA flow
in PAT was higher than the normal pattern but in reverse
direction, perfusing the pulmonary bed. Due to the typical
‘‘seagull’’ shape of the PAT stump, very complex 3D flow
patterns are observed around the PA-DA intersection.
During systole the DA jet swept the walls of the PA stump
which created high wall shear stress particularly around the
stump region, promoting further morphological remodel-
ing of the PA’s. For TOF and PAT cases PA swirl was
recorded to be less than the NORMAL and HLHS. It must
be emphasized that swirling flow within the PA leads to an
order of magnitude higher wall shear stress and pressure
drop (Pekkan et al., 2005a, b). Head-neck vessel perfusion
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Fig. 6. Computed 3D flow streaklines illustrates the DA shunting orange- and green-labeled streams corresponds to LVOT and RVOT flows, respectively.

RVOT and LVOT flows remain separated for a distance downstream of ductus as illustrated with the arrow.
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in the HLHS case occurred in the retrograde direction
altering the flow patterns in these vessels, forcing separa-
tion bubbles to the opposite ends of the vessels walls. The
influence of these altered flow patterns on typical HLHS
head-neck vessel abnormalities requires further investiga-
tion.

4. Discussion and conclusions

Recent advances in high-resolution ultrasound (Bonnet
et al., 1999; Brackley et al., 2000; Cohen, 2001; Denkhaus
and Winsberg, 1979; Hamar et al., 2006; Hecher et al.,
1995; Tworetzky et al., 2001) and fetal cardiac MRI
(Coakley, 2001; Fogel, 2006; Fogel et al., 2005; Hubbard
and Harty, 1999; Liu et al., 2001) have demonstrated that
aortic arch hemodynamics (Lenz and Chaoui, 2006) and
great vessel anatomy (Axt-Fliedner et al., 2006; Hubbard
and Harty, 1999) correlate with the prognosis of patients
with complex CHD. However, fetal cardiac imaging
modalities have practical limitations. Fetal echocardiogra-
phy is often not a true 4D modality, has limited field-of-
view, and is constrained by acoustic maternal and fetal
windows. Likewise functional fetal MRI, which is now
under development, has limitations due to dependence on
fetal heart rate synchronization. For both techniques, fetal
movement introduces significant image artifacts. There-
fore, we developed an in vitro benchmark flow loop of the
fetal circulation, specifically focusing on the fetal aortic
arch configuration, to complement data derived from
current fetal cardiac imaging modalities. These CFD
studies also provide the opportunity to evaluate the impact
of altered arch morphology and hemodynamics on
mechanical loading of the developing heart across a range
of developmental timepoints.
Due to the recognition that the growth of fetal

cardiovascular structures correlates with antegrade blood
flow and mechanical loading conditions, intrauterine aortic
balloon valvuloplasty has emerged as a useful therapy for
the fetus recognized to have aortic valve stenosis associated
with reduced left ventricular function (Makikallio et al.,
2006; Tierney et al., 2007; Tulzer et al., 2002). Successful
fetal aortic valvuloplasty increases LVOT antegrade flow,
is associated with both left ventricular and aortic arch
growth, and has prevented the development of HLHS in
some patients (Tometzki et al., 1999). Technical challenges
(Emery et al., 2007) will eventually be solved and a new era
will begin for the treatment of CHD that restores
cardiovascular growth and remodeling prior to birth to
reduce the severity of CHD (Gardiner, 2006; Rychik,
2005). The ability to visualize and model aortic arch and
PA flow in the setting of CHD provides a valuable
framework to quantify flow before and after fetal cardiac
interventions and to quantify other emerging technologies
for fetal therapy.
Combined with our recent study on neonatal aortic arch

(Pekkan et al., 2007a) and the earlier biofluid dynamic
studies of adult aortic arch, the hemodynamics of the
human aorta can now be quantified throughout the entire
biological timeline (fetal-to-adult) and changes in mechan-
ical loading can be correlated with the large-scale vascular
growth and remodeling. Peak Reynolds numbers for the
fetal, neonatal, pediatric and adult aortas are 1063, 2984,
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Fig. 7. (a) Instantaneous 3D fetal aortic flows of idealized CFD models of

the normal and the three common congenital heart defect templates during

mid-deceleration phase. Red and blue color corresponds to high and low

flow velocities as graded in the upper right corner scale in m/s. Reversed

and high DA flows for PAT and HLHS cases are illustrated. Flow fields

over one cardiac cycle are provided in supplemental Movies (6–9). (b)

Average flow waveforms calculated through the ductus arteriosus. Positive

values indicate pulmonary perfusion. Only TOF featured a very weak

backflow. All other cases were unidirectional (HLHS: hypoplastic left

heart syndrome; TOF: Tetralogy of Fallot; and PAT: pulmonary atresia).

K. Pekkan et al. / Journal of Biomechanics 41 (2008) 1697–1706 1703
6812, and 4000–6000 (Ku, 1997; Stein and Sabbah, 1976),
respectively. The fetal-to-neonatal transition is associated
with a drastic increase in Reynolds number and mechanical
loading, coincident with the closure of DA and almost
doubling in aortic arch flow rates. The role of fluid
mechanical forces on postnatal vascular growth and
remodeling of the aortic arch and PAs is intriguing and
requires further investigation. The inclusion of pressure
and shear stress data at points throughout the normal and
disease model geometries is required to fully understand
the relationship between altered flow patterns, mechanical
stresses, and changes in vessel architecture and growth.
However, these data are beyond the scope of the current
manuscript and will require the additional modeling of
vessel wall properties to accurately represent deformations
and stresses. These experiments are planned based on
image, pressure, and velocity mapping experiments in both
chick and mouse embryos.
Idealized parametric cardiovascular models have been

successfully employed as a first approximation where 3D
morphological and physiological data is incomplete and
difficult to acquire (Liu et al., 2004; Politis et al., 2007).
Fetal hemodynamics is one such set of conditions. The
present study can be extended to subject-specific morphol-
ogies, with specified moving wall CFD once reliable
temporal 4D in vivo data is available or FSI (through
integration with ongoing structural studies on fetal
ventricles (Tobita et al., 2005; Voronov et al., 2004)).
Combination of an auxiliary porous domain with standard
pressure boundary conditions produced a physiological
outlet that is useful in transient computations. Based on
our earlier experience with the standard outlet options (Liu
et al., 2004; Wang et al., 2007), this type of boundary
condition has captured the transient pulsatile flow swirl
dynamics at all outlet branches adequately well. To
simulate more accurate transients at the boundaries, the
CFD model should be coupled to the lumped parameter
models as presented in Lagana et al. (2005) and Miglia-
vacca et al. (2006). Once all characteristics of the fetal
circulation (ductus venosus and foramen ovale, etc.) are
established these types of boundary conditions can be
implemented. CFD simulations could be improved further
by using the exact fetal blood properties, which are slightly
different than the pediatric counterparts as employed in the
present study.
The present manuscript is primarily on the baseline

hemodynamic conditions present in the normal fetal aortic
arch configuration. As demonstrated here, these results can
be adapted to analyze different CHD paradigms and
provide quantitative physiological information at different
time-points during cardiovascular development. For each
of the four disease states studied in this manuscript,
comparable in vivo flow and pressure data in human fetuses
is scarce. A recent MRI study provided detailed flow
streamlines of a persistent DA (Frydrychowicz et al., 2007),
which are qualitatively similar to those in our present
study. Correlation of increased flow induced mechanical
load with altered great vessel morphology can also be
deduced from the present study. For example, larger
HLHS DA diameters and smaller aortic arch diameters
are consistent with visualized flows. Large-scale recircula-
tion patterns in the aortic coarctation case likely correlated
with altered vessel morphology. The reduced and reverse
DA flow waveform of the TOF case correlates well with
clinical observations. There is a generally accepted concept
that growth of the central PA tree in TOF is determined by
the degree of pulmonary valve stenosis and forward blood
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flow, a similar concept is accepted for aortic valve flow and
growth of the aortic arch. The PAT morphology represents
another extreme state of DA flow where due to zero-
diameter RVOT, DA flow is predominantly in the reverse
direction. Detailed quantitative analysis, including vital
organ perfusion characteristics of each of these four
congenital cases is ongoing and planed to be presented in
future clinical communications.
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