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Abstract Hypoxia due to congenital heart diseases
(CHDs) adversely affects brain development during the
fetal period. Head circumference at birth is closely asso-
ciated with neuropsychiatric development, and it is con-
siderably smaller in newborns with hypoplastic left heart
syndrome (HLHS) than in normal newborns. We per-
formed simulation studies on newborns with CHD to
evaluate the cerebral circulation during the fetal period.
The oxygen saturation of cerebral blood flow in newborns
with CHD was simulated according to a model for normal
fetal circulation in late pregnancy. We compared the oxy-
gen saturation of cerebral blood flow between newborns
with tricuspid atresia (TA; a disease showing univentricu-
lar circulation and hypoplasia of the right ventricle), those
with transposition of the great arteries (TGA; a disease
showing abnormal mixing of arterial and venous blood),
and those with HLHS. The oxygen saturation of cerebral
blood flow in newborns with normal circulation was
75.7 %, whereas it was low (49.5 %) in both newborns
with HLHS and those with TA. Although the oxygen level
is affected by the blood flow through the foramen ovale,
the oxygen saturation in newborns with TGA was even
lower (43.2 %). These data, together with previous reports,
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suggest that the cerebral blood flow rate is decreased in
newborns with HLHS, and the main cause was strongly
suspected to be retrograde cerebral perfusion through a
patent ductus arteriosus. This study provides important
information about the neurodevelopmental prognosis of
newborns with HLHS and suggests the need to identify
strategies to resolve this unfavorable cerebral circulatory
state in utero.
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Background

In recent years, neuropsychiatric developmental delay has
been recognized in patients with congenital heart disease
(CHD) who require surgery during the neonatal period [6].
Most notably, the impacts of surgical invasion, including
cardiopulmonary bypass, and of the state of heart failure
during the perioperative period on the neonatal brain, have
been considered the major factors underlying this delay [2].
However, the importance of congenital factors, such as
hypoxia due to congenital cardiovascular structural anoma-
lies that adversely affect brain development during the fetal
period, has recently been pointed out [1]. This is also sug-
gested by reports showing that head circumference at birth,
which is closely associated with the neuropsychiatric
developmental prognosis, is significantly smaller in new-
borns with hypoplastic left heart syndrome (HLHS), char-
acterized by anomalous hemodynamics from the fetal
period, than in normal newborns [16]. Furthermore, reports
on Doppler ultrasound measurements of cerebral blood flow
in HLHS during the fetal period have also shown a brain-
sparing effect, a finding indicating decreased oxygen supply
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to the brain [8]. However, these findings are not consistently
observed in many other forms of CHD showing hemody-
namic derangement and hypoxia, and there are differences
even in the descriptions of HLHS itself among reports [3]. In
addition to the limited sample size of each study, one of the
major reasons for this may be the difficulty in standardizing
the effects of maternal factors including placental function
and fetal factors affecting the cerebral circulation, such as
developmental status, chromosomal abnormalities, and
gestational age, in in vivo assessment. Thus, in this study, to
eliminate potential confounding factors affecting the cere-
bral circulation and thereby assess the pure effects of
hemodynamic factors due to cardiovascular structural
anomalies in HLHS, we performed simulation studies of
cerebral circulation in HLHS during the fetal period on the
basis of the theoretical models of fetal circulation.

Methods

On the basis of a model of normal fetal circulation in late
pregnancy that was introduced with preferential streaming
of placental blood flow [18], the oxygen saturation of
cerebral blood flow in HLHS fetuses was simulated.
Moreover, with a model of Type Ia tricuspid atresia (TA, a
disease showing univentricular circulation and hypoplasia
of the right heart) and a model of type I transposition of the
great arteries (TGA, a disease showing abnormal arterio-
venous blood mixture), similar simulations were performed
for comparison.

Model of Normal Fetal Circulation

Figure 1a shows the basic model of normal fetal circulation
developed using the model proposed by Rudolph [18] on the
basis of animal experiments. Data for blood flow distribu-
tion and oxygen saturations at each site used for calculating
the oxygen saturation of cerebral blood flow are summa-
rized in Table 1. Briefly, the oxygen saturation of umbilical
venous blood (S,,0,) is 85 %, and the blood flow rate is
200 mL kg~' min~', of which 130 mL kg~' min~"' flows
into the left atrium through the foramen ovale. The
remaining umbilical venous blood of 70 mL kg~' min~"in
combination with blood flow from the lower limbs
(Siow 1vcO2, 35 %; blood flow rate, 100 mL kg7l min~})
and the upper limbs (SsyvcO,, 35 %; blood flow rate,
170 mL kgfl minfl), a total of 340 mL kg{l min~!, flows
into the right ventricle. Of the right ventricular output of
340 mL kg~' min~', 300 mL kg~ min~"' is distributed to
the descending aorta through the arterial duct and
40 mL kg~" min~" is distributed to the pulmonary circu-
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lation. In total, 130 mL kg~' min~" of blood flow from the

foramen ovale and 40 mL kg7l min~"' of the pulmonary
venous return without being oxygenated in the lungs flows
into and out of the left ventricle. All of this left ventricular
output circulates throughout the upper body, and all of the
blood flow from the arterial duct to the descending aorta
circulates throughout the lower body.

From the data listed in Table 1, we can calculate the
oxygen saturation of the right and left ventricle where
blood with different oxygen saturations is mixed according
to the flow distribution as follows:

Oxygen saturation in the right ventricle(SryO;)
= ([inferior vena cava(IVC)flow from the placenta
x oxygen saturation of the IVC flow from the placenta]
+ [IVC flow from other organs
x oxygen saturation of the IVC flow from other organs]
+ [superior vena cava(SVC) flow
x oxygen saturation of the SVC flow])/
(IVC flow from the placenta + IVC flow from other organs
+ SVC flow)

Oxygen saturation in the left ventricle(SpyO,)

= ([foramen ovale (FO) flow from the placenta
X oxygen saturation of FO flow] 4 [pulmonary artery (PA)flow
X oxygen saturation of the PA flow])/(FO flow + PA flow)

Similar calculations based on the flow and O, saturation
were applied to fetal circulation with CHD.

Models of CHD

Data for blood flow distribution and oxygen saturations at
each site used for calculating the oxygen saturation of
cerebral blood flow in the models of CHD are also sum-
marized in Table 1. Placental function was assumed to be
normal, and thus the oxygen saturation of umbilical venous
blood (S,,0,) was set at 85 %, and the blood flow rate was
set at 200 mL kg~' min~'. The ventricular functions were
presumed to be good enough to be capable of maintaining
necessary systemic blood flow similar to the normal cir-
culation. Furthermore, the blood flow rate from the upper
limbs was hypothesized to be the same as the normal rate,
170 mL kg~! min~'. Because the pulmonary blood flow
rates in HLHS (Fig. 1b) and TA (Fig. 1c) were expected to
be slightly higher than the normal rate, the rates in both
diseases were hypothesized to be 50 mL kg~ ' min~".
Because lower pulmonary vascular resistance and an even
higher pulmonary blood flow rate were expected in TGA
(Fig. 1d) [12], the rate was hypothesized to be
130 mL kg~ ' min~". The blood flow rates from the lower
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Fig. 1 Basic model of normal fetal circulation developed using the model proposed by Rudolph et al. (a). Model of fetal circulation in HLHS

(b), TA (¢), and TGA (d). The unit of blood flow is mL kg~ min~'

Table 1 Blood flow and the oxygen saturations in the main vessels
used for simulation

Normal HLHS TA TGA

Blood flow (mL kg~ min™")

uv 200 200 200 200

FO 130 50 470 é

vC 100 100 100 80

svC 170 170 170 170

PA 40 50 50 130
O, saturation (%)

uv 85 85 85 85

FO 85 85

veP 35 35 35 35

Svc 35 35 35 35

UV umbilical vein, FO foramen ovale, IVC inferior vena cava, SVC
superior vena cava, PA pulmonary artery

* The shunt flow rate from the right atrium to the left atrium through
the foramen ovale was set as mL kg~' min~"'

b IVC flow and O, saturation are those of blood from the lower limbs
other than from the placenta

limbs in HLHS and TA were hypothesized to be similar to
the normal rate of 100 mL kg~' min~'. Because high
pulmonary blood flow was postulated in TGA, the blood
flow rate from the lower limbs was hypothesized to be
80 mL kg~' min~'. The blood flow volume through the
foramen ovale could be hypothesized to be the total volume
of left atrial perfusion in HLHS and the total volume of
right atrial perfusion in TA. Because the shunt volume
varies substantially in TGA depending on the condition of
the foramen ovale, the shunt flow rate was hypothesized to
be (a) mL kg~ min~" only from the right atrium to the left
atrium.

Furthermore, on the basis of the hypothesis that oxygen
consumption in both the upper and the lower limbs was the
same as that in the normal circulation, Siow vcO2, SsvcO»,
and oxygen saturation in the right ventricle (SgyvO>)
(oxygen saturation in the left ventricle [S;yO,] in TA)
were calculated. When this hypothesis did not fit the
observations made, it was reexamined, and the analysis
was attempted again.
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Results

Oxygen Saturation at Each Site in the Normal
Circulation

Oxygen saturation was calculated to be 45.3 % in the right
ventricle and 75.7 % in the left ventricle, as follows:

Srv0s = ([70 x 85 %] + [100 x 35 %] + [170 x 35 %])/340
=453%

SvO, = ([130 x 85 %] + [40 x 45.3%])/170 = 75.7%
SVC =35%

Oxygen Saturation at Each Site in CHDs
HLHS

On the basis of the assumption that the blood flow rates and
oxygen consumptions in the upper and the lower bodies
were similar to those in the normal circulation, differences
in arterial-venous oxygen saturation in both upper and
lower bodies should be the same as in normal conditions:

SrvO2 — Ssvc02 =41 %
SrvO2 — SiowivcO2 = 10%

Furthermore, owing to the oxygen saturation of blood
mixed in the right ventricle, oxygen saturations were cal-
culated to be SgycOs =4 %, Siow 1vcO2 = 35 %, and
SrvO> = 45 %, using the following equation:

SrvO; = ([100 X SlowIVC] + [200 x 85 %]
+ [50 X SRV] + [170 X Ssvd)/szo.

Reexamination of the Hypothesis of HLHS

When the decrease in oxygen saturation was set at 41 % in
the upper limbs and 10 % in the lower limbs, the equation
in “HLHS” section yielded a nonphysiological value of
SsvcO, = 4 %. Because a portion of venous blood that
had low oxygen saturation in simulation of the normal
circulation passes through the foramen ovale, the actual
oxygen saturation should be lower in the left ventricle and
higher in the right ventricle than the values obtained in
“HLHS” section. Thus, the decreases in oxygen saturation
in the upper and lower limbs in the normal circulation were
changed to 30 and 20 %, respectively, and simulations
were then performed while the hypothesis that the blood
flow rates and oxygen consumption in both the upper and
lower limbs were similar to those in the normal circulation
was maintained:

SrvO2 — Ssvc02 =30%

SrvO2 — Siow 1veO2 =20 %
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Furthermore, owing to the oxygen saturation of blood
mixed in the left ventricle, oxygen saturations were cal-
culated to be SsvcO> =4 %, Siow 1vcO2 = 35 %, and
SLvO, = 45 %, using the following equation:
Srv = ([100 X Siow1ve] + [200 x 85 %]

+ [50 X SRV} + [170 X Ssvc])/szo

TA

On the basis of the assumption that the blood flow rates and
oxygen consumptions in the upper and the lower bodies
were similar to those in the normal circulation, differences
in arterial-venous oxygen saturation in both the upper and
lower bodies should be the same as in normal conditions:

Sv02 — Ssvc0r =41 %
Siv02 — SiowiveO2 = 10%

Furthermore, owing to the oxygen saturation of blood
mixed in the left ventricle, oxygen saturations were cal-
culated to be SgycOs =4 %, Siow 1vcO2 = 35 %, and
SLvO, = 45 %, using the following equation:

SivO, = ([]00 X SlowIVC] + [200 x 85 %]
+ [50 X SLV] + [170 X Ssvd)/szo

Reexamination of the Hypothesis of TA

When the decrease in oxygen saturation was set at 41 % in
the upper limbs and 10 % in the lower limbs, the equation
in “TA” section again yielded a nonphysiological value of
SsvcOs = 4 %. As is the case with “Reexamination of the
Hypothesis of HLHS” section, the decreases in oxygen
saturation in the upper and lower limbs in the normal cir-
culation were changed to 30 and 20 %, respectively, and
simulations were then performed while the hypothesis that
blood flow rates and oxygen consumption in both the upper
and the lower limbs were similar to those of the normal
circulation was maintained:

SLvOs — SsycO02 = 30%

Stv02 — SiowiveO2 =20 %

Furthermore, owing to the oxygen saturation of blood
mixed in the left ventricle, oxygen saturations were cal-

culated to be SgyvcO, = 19.5 %, Siow 1vcO2 = 29.5 %, and
SLvO; = 49.5 %, using the following equation:

SivO;r = ([100 X SlowIVC] —+ [200 x 85 %]
+ [50 X SLV] + [170 X Ssvd)/szo.

TGA

The blood flow rates and oxygen consumption in both the
upper and the lower limbs were hypothesized to be similar
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Fig. 2 Relation between the blood flow rate through the foramen
ovale and oxygen saturation in the TGA model. Dashed lines
indicates the results for oxygen saturation at each site in association
with the blood flow rate at the foramen ovale (a). Solid lines indicate
the changes at each site in association with the blood flow rate at the
foramen ovale (a)

to those in the normal circulation, and oxygen saturation in
the upper and lower limbs in TGA was equal to SgyvO, and
Sp.vO,, respectively:

SrvO2 — Ssvc0r =41%
Sv02 — SiowiveO2 = 10 %.

Furthermore, the equation used for oxygen saturation of
blood mixed in the right ventricle was

SRV02 = ([80 X SlowIVC] —+ [(200 — a) x 85 %]
+ [170 X Ssvc])/(450 — a).

The equation used for oxygen saturation of blood mixed in
the left ventricle was

SivOsr = ([130 X SLV} + [a X 85 %])/(130 + a) (*)

On the basis of these equations, the following equation was
derived:

SsvcOs = ([44 x a*] +[1,170 x a] —133,900)/
([a* — 150] x [a — 26,000]).
Subsequently, oxygen saturation was calculated as follows:
SrvO2 = Ssvc + 41
SLvO, = (%)
SiowtvcO2 = Spy — 10

Figure 2 (dashed lines) shows the results for oxygen
saturation at each site in association with the blood flow
rate at the foramen ovale (a).

60 +
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Fig. 3 Results of cerebral oxygen saturation for each CHD model

Reexamination of the Hypothesis of TGA

When the blood flow rate at the foramen ovale was a = 0,
the SsvcO, obtained in “Reexamination of the hypothesis
of TA” section was the highest at 5.15 %, a value that was
too low physiologically. While the hypothesis that blood
flow rates and oxygen consumption in both the upper and
the lower limbs were similar to those in the normal cir-
culation was maintained, the simulation of the normal
circulation was changed as in “Reexamination of the
hypothesis of HLHS” section. Furthermore, because the
blood flow rate in the lower limbs was estimated to be low
owing to high pulmonary blood flow in TGA, the decrease
in oxygen saturation in the lower limbs was estimated to be
slightly higher, in accordance with the following
hypotheses:

SrvO2 — SsvcO02 =30%
Sv02 — Siowive02 =25 %
Furthermore, as with the previous simulation, the equation

used for the oxygen saturation of blood mixed in the right
ventricle was

SrvO;y = ([80 X SlowIVC] + [(200 —a) x 85 %]
+ [170 X Ssvc])/(450 — a).

The equation used for the oxygen saturation of blood
mixed in the left ventricle was

SivO, = ([130 X SLV} + [a X 85 %])/(130 + a) (*)

On the basis of these equations, the following equation
was derived:

SsvcOs = ([50 x a*] + [50 x a] —318,500)/([a* — 150]
X [a —26,000]).
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Subsequently, oxygen saturation was calculated as
follows:

SrvOs = Ssve + 30
SLV02 = (*)
SiowtvcO2 = Spv — 25

Figure 2 (solid lines) shows the changes at each site in
association with the blood flow rate at the foramen ovale
(a).

When the blood flow rate at the foramen ovale (a) was
hypothesized to be 130 mL kg~' min~" as in the normal
circulation, this simulation yielded Ssyc = 13.3 %,
Stow 1ve = 20.7 %, Spyv =457 %, and Spy = 43.2 %,
which were lower than those obtained from the HLHS and
TA simulations.

The results of cerebral oxygen saturation for each site in
CHDs are summarized in Fig. 3.

Discussion

Although in recent years, >90 % of CHD patients have been
saved owing to improved surgical outcomes, it has been
widely recognized that there are many patients who develop
various postoperative neuropsychiatric developmental
abnormalities (affecting motor function, language, visuo-
spatial perception, behavior, and learning) [11, 14].
Although the causes of these abnormalities may be multi-
factorial, the involvement of brain injury in utero is sug-
gested by reports on decreased head circumference at birth
[1, 10], delayed myelination detected by preoperative mag-
netic resonance imaging of newborns [9], and abnormal fetal
cerebral blood flow waveforms demonstrated using the
Doppler ultrasound [4, 5, 15]. Most notably, structural
anomalies in CHD may be closely associated with decreased
volume and oxygen saturation of cerebral blood flow, and
abnormalities in oxygen supply to the brain may play arole in
brain injury in utero. To address these issues, we performed a
simulation study to obtain theoretical values of the oxygen
saturation of cerebral blood flow using a mathematical model
of fetal circulation, which allowed us to purely assess the
effects of hemodynamic factors due to cardiovascular
structural anomalies by eliminating potential confounding
factors affecting the cerebral circulation.

Our mathematical model was based on the foundational
study by Rudolph et al. [17-19]. By using the microsphere
technique, those authors provided, for the first time, data
for quantitative blood flow distribution in the fetus in utero.
They found an important concept of preferential blood flow
streaming to protect fetal cerebral circulation: well-oxy-
genated blood with an oxygen saturation of 85 % from the
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placenta passes through the ductus venosus and foramen
ovale, and enters into the left ventricle, whereas blood from
the SVC with a low oxygen saturation of about 35 %
exclusively enters into the right ventricle. By using the
information from the experiment of Rudolph’s group, in
the present study we constructed a model of fetal circula-
tion with HLHS and contrasted it to other forms of CHD
that may affect the fetal cerebral circulation. We found that
the oxygen saturation of cerebral blood flow in a fetus with
HLHS was markedly lower than that of a normal fetus;
however, importantly, it was equally low as in a fetus with
TA. Furthermore, cerebral oxygen saturation in TGA was
even lower than that in HLHS. Although our model did not
directly address changes in cerebral blood flow, it provided
the oxygen content in blood with the condition of the blood
flow being kept equal among the models. Thus, our model
should help deduce the potential abnormality in blood flow
as discussed below.

Kaltman et al. [8] divided CHD fetuses into those with
pulmonary atresia/stenosis or a right-sided obstructive
lesion and those with aortic atresia/stenosis including
HLHS or a left-sided obstructive lesion, to examine dif-
ferences in the Doppler patterns of cerebral blood flow
using the pulsatility index and the resistance index. They
reported that cerebrovascular resistance in the fetuses with
a left-sided obstructive lesion was lower than that in the
fetuses with a right-sided obstructive lesion, whereas
cerebrovascular resistance in the latter fetuses was higher
than the normal. Furthermore, decreased head circumfer-
ence at birth, which is closely associated with neuropsy-
chiatric developmental prognosis, is reported in HLHS at a
remarkably higher frequency, as compared with TA [3].
Taking together these results with our present results
showing the oxygen saturation of cerebral blood flow in
TA (right-sided obstructive lesion) and HLHS to be equal,
it is very likely that decreased blood flow or increased
oxygen consumption in the brain is already present during
the fetal period in HLHS. Because oxygen consumption in
the brains of HLHS patients is unlikely to be markedly
increased in comparison with that in the brains of TA
patients, it is assumed that decreased cerebral blood flow is
probably due to hemodynamics specific to HLHS, greatly
affecting the cranial nerve development during the fetal
period.

Decreased cerebral blood flow in HLHS fetuses is also
suggested by a comparison between TGA and HLHS.
While decreases in cerebrovascular resistance [7, 22] and
head size at birth [4] in TGA fetuses have been reported by
several investigators, many reports have shown that the
decreases in TGA fetuses are smaller than those in HLHS
fetuses. For example, Rosenthal reported that, although
head circumference at birth is decreased in relation to body
weight in both TGA and HLHS, the decrease is more
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pronounced in HLHS [16]. Furthermore, Manzar et al.,
who directly compared head circumferences at birth
adjusted for gestational age between TGA and HLHS,
reported that, although the adjusted values were smaller in
both TGA and HLHS than the normal value, the difference
between the adjusted and normal values was significantly
larger in HLHS [13]. These results, together with our
present results showing that oxygen saturation of cerebral
blood flow in TGA is lower than that in HLHS, strongly
suggest that the cerebral blood flow rate is more highly
decreased in HLHS than in TGA, as shown by the com-
parison with TA.

Broadly, there are two possible causes for the decreased
cerebral blood flow in HLHS: one is retrograde cerebral
perfusion from a patent ductus arteriosus (PDA), which is a
characteristic of HLHS, and the other is that the right
ventricle, which is the systemic ventricle in HLHS, cannot
maintain adequate cardiac output. In this regard, Shilling-
ford et al. reported the important observation that micro-
cephaly in newborns with HLHS was associated with a
small ascending aorta, but not a small transverse aortic
arch, suggesting the importance of forward flow from the
left ventricle for cerebral perfusion [21]. This notion was
also supported by a report from Berg et al., who demon-
strated that HLHS fetuses with aortic atresia have
decreased cerebrovascular impedance and smaller heads,
whereas fetuses with severe aortic stenosis and reversal of
flow in the aortic arch do not [3]. Kaltman et al. also
reported that a decrease in cerebrovascular resistance was
more pronounced in HLHS, in which the cerebral blood
flow is maintained only by reversal of flow from the arterial
duct, than other left-sided obstructive lesions that have
antegrade flow from the left ventricle [8]. When these
results are considered together, we can reasonably assume,
as the main cause, that the cerebral blood flow rate itself in
HLHS fetuses is decreased by retrograde cerebral perfusion
through a PDA. This is also supported by our recent report
showing that cerebral blood flow after bilateral pulmonary
artery banding in HLHS patients is more impaired than that
after the Norwood procedure [20].

Because cerebrovascular insufficiency also means cor-
onary vascular insufficiency, especially in HLHS patients
with aortic atresia, cerebral perfusion is also considered to
be possibly impaired by the synergistic effect of right
ventricular dysfunction caused by coronary hypoperfusion.
This condition results in insufficient uptake of oxygen and
nutrients from the placenta and also adversely affects fetal
development, which may lead to a vicious cycle resulting
in developmental disorders of the brain. In fact, Berg et al.
[3], who compared TGA and HLHS fetuses and observed
decreased cerebrovascular resistance only in the latter,
reported that, when fetuses with growth restriction and
uteroplacental dysfunction were excluded, children born

with HLHS had only slightly smaller head circumferences
than controls, whereas the difference was more pronounced
in newborns with TGA. This suggests that abnormalities of
not only cerebral blood flow but also those of systemic
perfusion may additively and synergistically be involved in
developmental disorders of the brain in HLHS.

Conclusion

In this study, we performed simulations to assess the actual
differences in the oxygen saturation of cerebral blood flow
due to structural anomalies in CHD while excluding other
factors that might affect the fetal cerebral circulation. We
found the cerebral blood flow rate to be decreased in HLHS,
and the main cause was strongly suggested to be retrograde
cerebral perfusion through a PDA. These results provide
important information about the neurodevelopmental prog-
nosis in HLHS fetuses and simultaneously suggest the need
to identify strategies to resolve this unfavorable cerebral
circulatory state in utero. Also, future studies linking a
mathematical simulation with more sophisticated blood flow
modeling with fetal magnetic resonance imaging are needed
to further improve our understanding and management of
fetal circulation with CHD.
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