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Neonatal hypoxic ischemic encephalopathy

Key words @ {ER M (0 IAE, (EARENRE, MRL

amplitude ~integrated EEG
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ABSTRACT

Background: Production of N-terminal pro-brain natriuretic peptide (NT) and BNP is equimolar.
Although NT clearance occurs only in the kidneys, BNP clearance occurs in the kidneys and other
organs. This study tested the hypothesis that NT/BNP ratio in children may be independently related
to cystatin C (CysC), a glomerular filtration rate marker, when diastolic function and age/body size are
taken into consideration.
Methods: The study included 430 children (5.3 & 4.9 years) with heart disease who had undergone cardiac
catheterization and simultaneous BNP, NT, and CysC measurements. Pulmonary capillary wedge pressure
(PCWP) was used as a ventricular diastolic stretch marker. Variables showing skewed distribution were
transformed into a common logarithm.
Results: Univariate regression revealed that log NT/BNP was affected by PCWP (r= -0.12) and log CysC
(r=0.57). When age and the log of body surface area (BSA) were added to the stepwise regression, age
was not adopted because of multicollinearity to log BSA, but PCWP (8 = —0.10), log CysC (8 =0.22), and
log BSA (f = —0.66) were independent factors of log NT/BNP.
Conclusions: Renal dysfunction independently increased NT/BNP, whereas high BSA decreased it and is
the greatest determinant of NT/BNP. The observation that high PCWP decreased NT/BNP may suggest
that worsening heart failure slows BNP clearance from other organs, a compensatory pathway of heart
failure. These factors need to be considered when assessing BNP and NT.

© 2014 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.

Introduction

N-terminal pro-BNP (NT) [5-7] is another recent option for
such use. NT can be measured from the serum, whereas BNP

Brain natriuretic peptide (BNP) is a hormone secreted by the
ventricular myocardium during increased wall stress caused by
excessive volume or pressure loading of the heart [1]. Plasma BNP
concentrations are elevated in patients with congestive heart
failure (HF) [2] and reflect the severity of HF and diastolic stretch
[3]. The plasma BNP concentration is useful in predicting
mortality and hospital readmission [4] in many etiologies of HF.

* Corresponding author at: Staff Office Building 110, Pediatrics, Saitama Medical
Center, Saitama Medical University, 1981 Kamoda, Kawagoe, Saitama 350-8550,
Japan. Tel.: +81 49 228 3550; fax: +81 49 226 1424.

E-mail address: masutani@saitama-med.ac.jp (S. Masutani).

http://dx.doi.org/10.1016/.jjcc.2014.11.002

measurement requires plasma. NT is much more stable than BNP in
blood samples at room temperature. Thus, NT use has been greatly
increasing, and there is a growing body of evidence about the
usefulness of NT. Moreover, the required amount of serum for
NT measurement is only about 20 p.L, which may promote further
use in neonatal and pediatric settings. NT also correlates with
BNP in pediatric patients [8,9]. The ratio of NT to BNP (NT/BNP)
increases with renal impairment [10] and decreases with
increasing age [11].

However, the relationship between NT and BNP levels appears
more complicated, and the factors contributing to it are not yet
established. Because of the equimolar production of NT and BNP,
NT/BNP depends on the clearance rate of each hormone. NT

0914-5087/© 2014 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.
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clearance occurs only in the kidneys [ 1] via unknown mechanisms
[12]. In contrast, BNP clearance occurs in the kidneys, liver,
lungs, and vascular endothelium [1] via the clearance receptor
(natriuretic peptide receptor-C) and neutral endopeptidases
[13]. Thus, NT/BNP should be determined by the clearance rate
between the kidneys and other organs. If this relationship
becomes clear, each value of BNP or NT can be approximately
converted to the other.

The clearance balance of both hormones may be affected by
maturation-related and maturation-unrelated functional states of
the kidneys and other organs. HF by itself may affect the clearance
of both hormones. Thus, this study tested the hypothesis that
NT/BNP may be determined by cystatin C (CysC) {14-17], a
muscular mass-independent glomerular filtration rate marker,
maturation, and severity of HF in children.

Methods
Patients

The study included 430 consecutive pediatric patients with
heart disease (age <20 years, 198 male and 232 female) who had
undergone cardiac catheterization and simultaneous measure-
ments of pulmonary capillary wedge pressure (PCWP), BNP, NT,
and CysC at Saitama Medical University International Medical
Center. Their ages ranged from 0.16 to 19.1 years [ mean =+ standard
deviation (SD), 5.3 + 4.9 years; median, 3.3 years]. Patients under-
went diagnostic or interventional cardiac catheterization at Saitama
Medical University, with written informed parental consent obtained
for all the patients. This study was approved by the Institutional
Review Board of Saitama Medical University.

Measurements

PCWP was regularly measured during cardiac catheterization.
We used PCWP as a representative measure of diastolic function
and ventricular stretch. Systemic output (Qs) was calculated using
the Fick method and Qs index (Qsl) was calculated as Qs/body
surface area (BSA). Blood sampling to determine CysC levels was
performed 1 day before cardiac catheterization as part of routine
blood testing. Blood samples of BNP and NT were withdrawn from
the inferior vena cava at the beginning of cardiac catheterization.
Measurements of BNP were performed using enzyme immunoas-
say, NT using electrochemiluminescence immunoassay, and CysC
using latex-enhanced turbidimetric immunoassay.

Statistical analysis

All data are presented as mean =+ SD, unless otherwise stated.
Variables showing skewed distribution were transformed into a
common logarithm before the correlation analysis. Pairwise compar-
isons were performed using the paired t-test. The correlation between
two variables was assessed using Pearson’s correlation coefficient.
After univariate regression, to determine the independent variables
that correlate with BNP, NT, NT/BNP, stepwise multivariate linear
regression analysis was performed using the following variables:
gender, log BSA, log CysC, and PCWP. Subsequently, we performed
subgroup analysis to assess whether the difference between left- or
right-sided volume load may relate to log NT/BNP, and whether the
difference between pressure and volume load may affect NT/BNP.
Atrial septal defect (ASD) patients were used as a right-sided volume
overload group, and ventricular septal defect (VSD) and patent ductus
arteriosus (PDA) patients as a left-sided volume overload group.
Coarctation of the aorta (CoA) and aortic stenosis (AS) patients were
used as a left-sided pressure overload group. We compared log
NT/BNP values between right- and left-sided volume overload groups,

and between left-sided pressure and volume overload groups.
Statistical significance was assumed at an error level of 5%, Statistical
analyses were performed using JMP 8 (SAS, Cary, NC, USA).

Results

As summarized in Table 1, patients with various underlying
heart diseases (N = 430) were included in this study. The range and
distribution of each parameter are shown in Table 2.

Univariate regression

Table 3 summarizes the results of univariate regression. Gender
did not relate to log NT, log BNP, or log NT/BNP. In contrast, age,
body size (body weight, body height, and BSA), log CysC, and PCWP
significantly correlated to log NT, log BNP, and log NT/BNP. Log
NT/BNP negatively correlated with age (r = —0.71, p < 0.0001), and
the relation was a convex downward curve (Fig. 1a). There was
strong negative linear correlation between log NT/BNP and log BSA
(r=-0.79, p < 0.0001) (Fig. 1b). Log NT/BNP positively correlated
with log CysC (r=0.57, p<0.0001) (Fig. 1¢), and negatively
correlated with PCWP (r=-0.12, p < 0.05) (Fig. 1d). BNP was
much less influenced by age, BSA, and CysC compared with NT,
as indicated by a smaller correlation coefficient in Table 3.

Multivariate regression

Table 4 summarizes the results of multivariate regression.
When age, log BSA, log CysC, and PCWP were added as indepen-
dent variables into stepwise regression to correlate to log NT/BNP,
age was not adopted because of multicollinearity to log BSA, but
PCWP (B =-0.10), log CysC (8=0.22), and log BSA (8 =—-0.66)
were independent factors of log NT/BNP (Table 4). Not only body
size and renal function, but also PCWP, independently related
to the log NT/BNP. Higher PCWP negatively affected log NT/BNP.

Log NT/BNP can be approximated with the regression by
—0.66 x log BSA — 0.10 x PCWP +0.22 x log CysC + 0.86. There was
significant correlation between the measured and estimated log
NT/BNP calculated by this approximation [RMSE = 0.18, R? (coefficient
of determination)=0.66, p < 0.0001]. Residual plot showed no
tendency between residuals and estimated values.

Fig. 2 shows the results of subgroup analysis assessing whether
the difference between pressure or volume load may relate to

Table 1
Diagnoses of included patients.

Atrial septal defect 82

~ Ventricular septal defect
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Table 2

Distribution of each parameter (N=430).

~ Age (years)

- Male (2
Body weight (kg)
1)

Body surface area (m?)
g/L)

5.35+4.93

19.0+15.1

0.71+£0.39

3.8 to

0.22 to 2.0

0.16 to 19.1

ge

86.0

3.31 (1.65-7.21)

13.0 (9.2-21.5)

0.71 (0.43-0.85)

Qs index (L/min/m?) 3.65+1.07 1.49 to 7.84 3.58 (2.91-4.31)
- Qp/Q 36 (€
PCWP (mmHg) 973232 2to24 925 (7.5-12)
' NP (pg/m! 2849 |
logNT-pro BNP 2274053 0.85 to 4.16 2.27 (1.90-2.62)

1334043 0.60 to 3.42

1.30 (1.02-1.54)

log NT/BNP 0.94+031 ~0.12 to 1.99

0.94 (0.73-1.10)

Table 3
Univariate analysis of NT-pro BNP, BNP, and NT/BNP.

PCWP (mmHg) <0.0001 <0.0001

-0.12

(a) log NT/BNP (b) log NT/BNP

2.5 1 P<0.0001,=-0.71 2.5 4 P<0.0001,=-0.79
2071. 2.0 ] .
1.5 -r‘g}, ' 1.5 4
1.0 4 1.0 1
059 0.5 -
0.0 4 Co | 0.0 : .
0.5 T . T T 1 0.5 : T .
Q 5 10 15 20 25 -1.0 0.5 0.0 0.5
Age (years) log BSA
(c) log NT/BNP (d) log NT/BNP
2.5 1 P<0.0001,=0.57 2.5+ P<0.05,=-0.12
2.0 . 2.0 1 -
1.5 1 1.5 4 '
1.0 4 1.0
0.5 - 0.5 1
0.0 1 o 0.0 - .o
0.5 T T T ) 0.5 T T ]
0.4 -0.2 0.0 0.2 0.4 0 10 20 30

log CysC PCWP{mmHg)

Fig. 1. Correlation between logarithm of the ratio between N-terminal pro-BNP and BNP (log NT/BNP) and other factors. (a) Log NT/BNP negatively correlates with age; the
relation is a convex downward curve. (b) There is a strong negative linear correlation between log NT/BNP and log BSA. (c) Log NT/BNP positively correlates with log CysC. (d)
Log NT/BNP negatively correlates with PCWP. BNP, brain natriuretic peptide; BSA, body surface area; CysC, cystatin C; NT, N-terminal pro-BNP; PCWP, pulmonary capillary
wedge pressure.
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Table 4 )
Multivariate regression analysis of NT-pro BNP, BNP, and NT/BNP.

Gender

(@)
log NT/BNP

2.0 4
N v AS/CoA
1.5 1 % .
1.0

0.5 4

0.0 4 »

-0.5

0.8 -0.6 -0.4 0.2 0.0 02 0.4
log BSA

VSD/PDA

()

log NT/BNP

2.0+ '
o ASD

1.5 « VSD/PDA
1.0+
0.5

0.0

-0.5

0.8 -0.6 -0.4 0.2 0.0
log BSA

Fig. 2. Subgroup analysis to assess whether different types of heart disease relate to log NT/BNP, (a) Left ventricular pressure load vs. volume load. Log NT/BNP was not
significantly affected (p =0.76) by the differences between the AS/CoA (n=21) and VSD/PDA (n=60) groups. (b) Left- vs. right-sided volume load. Multivariate
comparison showed that log NT/BNP in the ASD (n=82) was slightly (8=0.13) but significantly (p < 0.05) higher than that in the VSD/PDA (n =60) group when
log BSA was taken into consideration. This significance was preserved (p < 0.05) when we matched the body size between the two groups by only including data from
VSD/PDA patients with log BSA >0.4 (n = 41). However, when we added Qp/Qs into the multivariate analysis, the difference between the ASD and VSD/PDA groups was
no longer significant, but Qp/Qs was shown to be a significant independent factor for log NT/BNP (p < 0.05, 8=0.16). AS, aortic stenosis; BNP, brain natriuretic
peptide; BSA, body surface area; CoA, coarctation of the aorta; NT, N-terminal pro-BNP; PDA, patent ductus arteriosus; Qp/Qs, pulmonary-to-systemic output ratio;

VSD, ventricular septal defect.

log NT/BNP, and whether the difference between left- or
right-sided volume load may relate to log NT/BNP. As shown
in Fig. 2a, log NT/BNP was not significantly affected (p=0.76)
by the differences between the AS/CoA (n=21) and VSD/PDA
(n=60) groups. Fig. 2b shows that log NT/BNP in ASD (n=82)
was slightly (8=0.13) but significantly (p < 0.05) higher than
that in VSD/PDA (n=60). This significance was preserved
(p < 0.05) when we matched the body size between the two
groups by only including data from VSD/PDA patients with
log BSA >0.4 (n=41). However, in this subgroup analysis, the
pulmonary-to-systemic output ratio (Qp/Qs) in ASD was signifi-
cantly higher than that in VSD/PDA (2.2 +0.8 vs. 1.4 +£04,
p < 0.0001). When we added Qp/Qs into the multivariate analysis,
the difference between the ASD and VSD/PDA groups was no longer
significant, but Qp/Qs was found to be a significant independent
factor for log NT/BNP (p < 0.05, 8 =0.16).

Discussion

The major findings in this pediatric study regarding NT/BNP
were: (1) renal dysfunction increased NT/BNP levels, (2) high
BSA levels decreased NT/BNP as the greatest and powerful
determinant of NT/BNP (8=-0.66), and (3) high PCWP
decreased NT/BNP. This is the first study, to our knowledge,
to reveal a detailed relationship between NT and BNP with body
size, renal function, and invasive diastolic measurements taken
into consideration. Simultaneous measurements of both hor-
mones may provide an insight into NT and BNP clearance in the
kidneys and other organs. Factors that affect the clearance of
both hormones need to be considered when assessing HF
severity using NT or BNP.

Renal contribution

Renal dysfunction independently increased NT/BNP (Fig. 1cand
Tables 3 and 4). In adults, one of the most important factors
affecting the NT/BNP ratio is renal function [18]. NT/BNP ratio
increases exponentially with the stage of renal disease [10]. NT/
BNP ratios in a population of patients receiving long-term
hemodialysis were much higher than those found in patients
with end-stage renal disease not receiving dialysis [19]. Thus, the
result of our study in children, which used a sufficient number of
patients with body size and diastolic function taken into account,
was consistent with those of aforementioned studies in adults
[10]. Renal dysfunction predominantly slowed the clearance of NT
relative to BNP and increased the NT/BNP ratio regardless of
whether this was a child or adult population.

Although observations that NT/BNP increases as renal function
decreases have been consistently reported in previous [10,18,20]
and current studies, mechanistic studies surprisingly demonstrated
that the kidney clears NT and BNP equally [13] in various subjects
[20-22]. Other possible mechanisms to explain the NT/BNP increase
in patients with renal dysfunction may be the relative NT increase by
saturable NT clearance [12], the relative BNP decrease by the
upregulation of type C natriuretic receptor [20], and the accumula-
tion of neutral endopeptidases [20,23]. These issues should be
pursued in future studies.

Body size vs. age
High BSA decreased NT/BNP and was the greatest and most

powerful determinant of NT/BNP (Fig. 1b and Tables 3 and 4). The
results of a previous pediatric study [11] and the current study
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demonstrated that NT/BNP decreased as children aged from
childhood to adolescence. An age-dependent decrease of NT/BNP
can be partly explained by the maturation of renal function.
Our data also indicate the age-related decrease of CysC in patients
<2 years (data not shown). However, multivariate regression in
this study showed that body size was an independent greatest
factor to determine NT/BNP with renal function taken into
consideration. Importantly, the relationship between log NT/BNP
and log BSA was tighter than that between log NT/BNP and
age. These observations suggest that the proportion of the BNP
clearance in other organs relative to that in kidney may be larger
in smaller children in body-size related fashion.

HF

High PCWP decreased NT/BNP, indicating a relatively greater
increase of BNP relative to NT. Importantly, only BNP, but not NT,
has active anti-HF activities. Thus, the tendency to preserve BNP
concentration in HF should serve as a compensatory mechanism.
This effect was significant but not as strong (8 = —0.10) as other
factors. This BNP preservation may not be sufficient in some
clinical HF situations in which exogenous BNP [24] or neutral
endopeptidase inhibitor [25] administration is particularly
effective.

Our observation suggests that worsening HF may relatively
slow BNP clearance from organs other than kidney. Although
“clearance” receptor upregulation [26,27] and neutral endopepti-
dase activation [28,29] in HF may work to decrease BNP, once the
number of BNP receptors on the cell surface is maximized, they
may become saturated by BNP, reducing the overall clearance rate
for BNP [30]. However, the complete picture of HF effect on NT and
BNP clearance remains to be elucidated. Future studies that
examine the serial changes of two hormones and other factors
between baseline and acute exacerbation in severe HF would help
clarify the detailed effect of HF on the clearance of BNP and NT.

Levels of intact pro-BNP, a precursor of BNP and NT, are
also increased in HF [31]. Because present BNP immunoassays also
measure pro-BNP [31], this factor may partly explain the HF effect
on NT/BNP. This issue warrants future study.

In subgroup analysis (Fig. 2), the difference between pressure
and volume load did not relate to log NT/BNP. In this study, ASD
patients had higher Qp/Qs than VSD/PDA patients. The slightly
higher log NT/BNP in ASD than in VSD/PDA patients could be
explained by the Qp/Qs differences between the two groups. This
observation appears consistent with the theoretical prediction
that higher Qp/Qs should increase the log NT/BNP because BNP
clearance occurs also in the lungs, but NT clearance occurs only in
the kidney. The group difference was no more significant when
Qp/Qs was added into the multivariate comparison. Thus, our
results did not indicate that the difference between right- and left-
sided volume load is an important determinant of log NT/BNP.

The current study provided novel findings of two points: the
effects of body size and potential HF compensation in natriuretic
hormone dynamics. Of note, BNP is much less influenced by age,
body size, or renal function, and much more influenced by PCWP
in comparison to NT (Table 4). In this regard, BNP [32] may be
appreciated as a more specific marker of HF, whereas NT with body
size correction may represent the entire cardiorenal system.
Current results underline the importance of standardizing NT by
age or body size and assessing renal function in the assessment of
both hormones in children. The reference value for NT in children
decreases with age [33]. For the evaluation of NT in children, use of
a Z-value of NT [33] is an important option for standardizing NT.
When the NT value is within the normal range, it indicates that the
cardiorenal system is functioning normally. In contrast, when
the NT value is above the normal range, assessment should be

undertaken to determine whether cardiac dysfunction, renal
dysfunction, or both caused the high NT value. A high NT value
with body size or age correction should be assessed and followed
up with consideration of renal function and its trend. Measure-
ments of both hormone levels, if available, can be taken into
consideration to enable the qualitative assessment of both cardiac
and renal status.

Study limitations

Several issues should be considered in the interpretation of
our data. First, this study employed PCWP as a substitute for
ventricular stretch. PCWP is a stable measurement obtained by
right heart catheterization, whereas PCWP more directly provides
the effect of ventricular stretch than do echocardiographic indices.
Future studies using other diastolic parameters such as stiffness,
relaxation, and end-diastolic wall stress [3] are warranted to
further clarify the effect of HF on natriuretic peptide dynamics.
Second, in contrast to well-known BNP clearance mechanisms,
NT clearance remains to be elucidated. NT clearance occurs only
in the kidneys {1], but other clearance pathways other than the
kidneys [13] cannot be fully excluded. However, such pathways,
if they exist, would tend to suppress the NT/BNP increase in renal
dysfunction, but we observed that renal dysfunction independent-
ly and significantly increased NT/BNP. Thus, the other clearance
pathways of NT except the kidneys would not change our results
or discussion.

In conclusion, renal dysfunction independently increased
NT/BNP, whereas high BSA decreased it, and was the greatest
determinant of NT/BNP in children with heart disease. Moreover,
high PCWP decreased NT/BNP, a potential compensatory pathway
of HF. These factors need to be considered in the assessment of
BNP and NT.
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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.

Keywords Cerebral circulation - Congenital heart
disease - Fetus - Hypoplastic left heart syndrome

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 1is 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 la 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 (S5,,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 kg™ min™")
and the upper limbs (SsycOz, 35 %; blood flow rate,
170 mL kg™ min™"), a total of 340 mL kg™' 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 kg™ 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(SgyvOz)
= ([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(S.yO;)

= ([foramen ovale (FO) flow from the placenta
x oxygen saturation of FO flow] + [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
necessatry 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

Ve 100 100 100 80

SvC 170 170 170 170

PA 40 50 50 130
O, saturation (%)

uv 85 85 85 85

FO 85 85

ver 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™’

® TVC 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 1vcO2, SsvcOs,
and oxygen saturation in the right ventricle (SgyO»)
(oxygen saturation in the left ventricle [SpyO,] 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:

Sry0z = ([70 x 85 %] + [100 x 35 %] + [170 x 35 %)) /340
=453%

Sv0, = ([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 — SsvcOr =41 %
SrvO02 — SiowivcO2 = 10%

Furthermore, owing to the oxygen saturation of blood
mixed in the right ventricle, oxygen saturations were cal-
culated to be SsyvcOz =4 %, Siow vcO2 = 35 %, and
SrvO2 = 45 %, using the following equation:

SrvO; = ([100 X SloWIVC] + [200 X 85 %]
+[50 x Sgv] +[170 x Ssvc])/520.

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
SsvcOz = 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 — SsvcO2 = 30%

SrvO2 — Siow tveO2 = 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 SqvcO; =4 %, Siow veO2 = 35 %, and
SLvOz = 45 %, using the following equation:
Sry = ([100 X SlowIVC] + [200 X 85 %]

+ [50 X ng] + [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:

SivOz — Ssvc02 =41 %
SLvO0s — SiowiveO2 = 10%

Furthermore, owing to the oxygen saturation of blood
mixed in the left ventricle, oxygen saturations were cal-
culated to be Ssvcoz =4 %, Slow Ivcoz = 35 %, and
SpvO; = 45 %, using the following equation:

SivO, = ([100 X SIowIVC} + [200 x 85 %]
+ [50 X SLv] + [170 X Ssvc])/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
SsvcO, = 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:

Stv02 — SsvcO, = 30%

Stv0s — SiowiveO2 =20 %

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

culated to be Ssvc02 = 19.5 %, Stow ]jvco2 = 29.5 %, and
SvOz = 49.5 %, using the following equation:

Siv0O, = ([100 X SlowIVC] + [200 x 85 %]
+ {50 X SLV] + [170 X SSVCD/520~

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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