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Abstract

The time course of changes in cerebral perfusion in healthy term newborn infants during the early postnatal
period is not fully understood. The tissue oxygenation index (TOI) and fractional tissue oxygen extraction
{FTOE=(SpO, — TOI)/SpO,} in cerebral perfusion were measured in 27 healthy term newborn infants using near-
infrared spectroscopy (NIRS) at 6, 12, 24, 48, and 72 hrs after birth. The superior vena cava (SVC) flow and re-
sistance index of the anterior cerebral artery (RI-ACA) were also measured using ultrasonography. The TOI and
SVC flow, which are parameters of cerebral oxygenation and upper body perfusion, showed a relatively low value
The RI-ACA and FTOE, which

represents the ratio of oxygen extraction in cerebral tissue, showed a relatively high value at 6 hrs after birth and

at 6 hrs after birth and then gradually increased, showing a peak value at 24 hrs.
then gradually increased until 24 hrs after birth. A significant positive correlation was observed between TOI and
SVC flow. The mean arterial blood pressure (MABP) gradually increased after birth. However there were no
significant correlations between MABP and other parameters. Decreases of both cerebral tissue oxygenation and
blood flow were observed in healthy term newborn infants immediately after birth. These changes might be af-
fected by the cerebral edema caused by stress at birth and the changes in systemic perfusion with the adaptation of
The measurements of TOI and FTOE using NIRS, and SVC

flow using echocardiography might be useful parameters for noninvasive assessment of cerebral perfusion in neo-

the circulatory system from fetal to extrauterin life.

nates.

Introduction

Drastic hemodynamic changes are observed in adapta-
tion from fetal to extrauterine life at birth. The fetal cir-
culation consists of parallel circuits with predominant
The left ventricle becomes the
sole supplier of systemic circulation after birth and the
work increases by the elevated systemic resistance
caused by removal of low-resistance placenta circulation.
Furthermore, the volume that the left ventricular pumps

right ventricle output.

is fractionally increased by establishing pulmonary circu-

lation and the shunt flow through the ductus arteriosus'.

In addition, newborn infants face difficult conditions of

mechanical stress through the birth canal. These specif-
ic environmental changes easily cause cardiac insuffi-
ciency, hypoxic-ischemic encephalopathy (HIE), and in-
traventricular hemorrhage (IVH) in newborn infants soon
after birth”.

Neonatal pathophysiology has been increasingly un-
derstood thanks to recent medical technology. However
the changes in cerebral and systemic perfusion during the
immediate postnatal period are not fully understood.
The aim of this study is to characterize in detail the rela-
tionship between cerebral oxygenation and oxygen ex-
traction using near infrared spectroscopy (NIRS), and
systemic blood flow using echocardiography in healthy
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term newborns during the early postnatal period.
Methods

Subjects

Healthy term newborn infants (2,500 g< birth weight
<4,000 g, 37 weeks < gestational age <42 weeks), who
were born in our university hospital between June 1,
2008 and December 31, 2008, were included in this
study. Infants with congenital anomalies or those who
were small for gestational age (birth weight < the 10th
percentile for gestational age) were excluded. Infants
who developed respiratory disorder or jaundice during
the study period were also excluded. Informed consent
was obtained from the parents of all infants. The study
was approved by the Research Ethics Committee of To-
kyo Medical University.

NIRS measurement

The oxygenated Hb (O,Hb), deoxygenated Hb (HHb),
and total Hb (cHb=0O,Hb+HHDb) levels were measured
using NIRS (NIRO-300 ; Hamamatsu Photonics KK,
Shizuoka, Japan). The optode was placed in the front-
temporal region of the head with the sensors at 30 mm
distance and the wavelength at 120 nm®. Measure-
ments were taken 6, 12, 24, 48, and 72 hrs after birth, and
each measurement session lasted for 15 min. The results
were recorded and stored as graphs and numerical values
in a personal computer. The tissue-oxygenation index
(TOI) was calculated from the O,Hb and total Hb (O,Hb/
cHbx100). The cerebral fractional tissue oxygen ex-
traction (FTOE) was then calculated from the TOI and
oxygen saturation (SpO,) values [FTOE=(SpO, — TOI)/
SpO,]*.

Echocardiographic measurement

All scans were performed using iE33 equipped with a
12 MHz transducer (Phillips Healthcare, Japan). The
congenital heart disease was diagnosed using two-di-
mensional echocardiographic examination based on a
segmental approach and excluded from the subjects®?.
The patent ductus arteriosus was diagnosed with continu-
ous mosaic image in ductus arteriosus by color Doppler
echocardiography”. SVC flow was measured by the
method of Kluckow et al®. Briefly, the SVC was im-
aged entering the right atrium (RA) from the parasternal
long axis view, and then the maximum and minimum in-
ternal diameters were measured from the M mode tracing
through the SVC at the level of which it enters the RA.
The SVC was imaged entering the RA from the subcostal
view, and then the pulsed Doppler recording was made at
the junction of the SVC and the RA. The SVC flow
pattern was pulsatile with two peaks ; ventricular systole
and early ventricular diastole. The mean velocity of
blood flow was calculated from the integral Doppler ve-
locity tracings and was averaged from 3 consecutive car-
diac cycles. The SVC flow was calculated using the
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following formula: SVC flow=(velocity time
integralx(nx(mean SVC diameter’/4)xHR)/body weight
(ml/kg/min).

Cranial Doppler sonography measurement

All scans were performed using iE33 equipped with a
12 MHz transducer (Phillips Healthcare, Tokyo Japan).
The anterior cerebral artery (ACA) was assessed via the
anterior fontanelle by the tranceducer in the midsagittal
plane and then shown by color Doppler image. The
waveforms of ACA by pulse Doppler image were record-
ed for analysis of peak systolic velocity (Vs) and maxi-
mum end-diastolic velocity (Vd). The resistance index
(RI) was calculated using the following formula : RI=((Vs
—Vd)/Vs)”. The RI of ACA (RI-ACA) was averaged
from 3 consecutive cardiac cycles.

Measurement of other variables

The mean arterial blood pressure (MABP) was mea-
sured by an oscillometric technique with an inflatable
cuff (BSN-2303 ; Nihon Kohden Corporation, Tokyo,
Japan) in all subjects. The heart rate (HR) and the SpO,
in the right upper arm were continuously measured using
a pulse oximeter (Nellcor Pulse Oximeter N-200 ; Tyco
Healthcare Japan, Tokyo, Japan). The HR and SpO,
were monitored and recorded every 30 seconds by a neo-
natal monitoring system (BSM-2300 ; Nihon Kohden
Corporation). The data were stored in a personal com-
puter, and median values were calculated over the mea-
surement period.

All measurement ; NIRS, echocardiography, cranial
Doppler sonography, and other variables were performed
by a single examiner (YS).

Statistics

Statistical analyses were performed using the computer
package SPSS for Windows (SPSS Japan, Tokyo, Japan).
The gestational age, birth weight, and blood pH of the 27
infants were expressed as means+SD. Serial data ob-
tained using NIRS, echocardiography, and physical ex-
amination at different time points were compared using
repeated-measures ANOVA, followed by Bonferroni’s
multiple comparison tests. Pearson’s correlation coeffi-
cients and simple linear regression analysis were used to
determine the relationships among the MABP, SVC flow,
RI-ACA, TOI and FTOE. p<0.05 was considered statisti-
cally significant.

Results

A total of 31 infants in healthy term newborn infants
were included in the study. Four infants were excluded
from this study because of insufficiency of the data.
This means that a total of 27 infants became the subjects
of the study. The mode of delivery, gender, gestational
age, birth weight and Apgar score were shown in Table 1.
The ductus arteiosus in all subjects was constricted com-
pletely within 24 hrs after birth.

(2)
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Table 1 Clinical data of 27 healthy term newborn infants.

The ductus arteriosus of all the subjects were
closed by 24 hrs after birth.

Variable Value (mean [SD])/# cases
383 [1.3]
2927 [322]

vaginal/cesarean 16/11

Gestational age (weeks)

Birth weight (grams)

male/female 11/16
Apgar score (1) 8.5 [0.8]
(5) 9.6 [0.5]
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Fig. 1 Longitudinal changes in oxygen saturation (SpO,) (A),

heart rate (HR) (B) and mean arterial blood pressure
(MABP) (C).

There were no significant changes in SpO2 or HR during
the study period.

MABP gradually increased after birth, and significantly
increased from 6 hrs to 48 and 72 hrs. *p<0.05

The time course of changes in SpO,, HR and MABP
were shown in Fig. 1. There were no significant chang-
es in SpO, and HR during the study period. MABP grad-
ually increased after birth, and significantly increased
from 6 hrs to 48 and 72 hrs. (37.5[4.7] vs 43.3[5.8],
48.4[7.1] : p<0.05).

The time course of changes in SVC flow were shown
in Fig. 2. The SVC flow showed a relatively low value
at 6 hrs and then gradually increased until 24 hrs, show-
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Fig. 2 Longitudinal changes in superior vena cava flow (SVC
flow).
SVC flow showed a relatively low value at 6 hrs and then
gradually increased until 24 hrs, showing a peak value at
24 hrs. SVC flow at 6 hrs after birth significantly de-
creased at 24 and 48 h. *p<0.05
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Fig. 3 Longitudinal changes in the resistance index of the anteri-
or cerebral artery (RI-ACA). RI-ACA showed a rela-
tively high value at 6 hrs after birth and then gradually de-
creased until 24 hrs, showing a low value at 24 hrs. RI-
ACA at 6 hrs after birth significantly increased at 12, 24
and 48 hrs. *p<0.05

ing a peak value at 24 hrs. SVC flow at 6 hrs after birth
significantly decreased at 24 and 48 hrs. (67.9[20.0] vs
83.9[13.5], 80.5[16.9] : p<0.05).

The time course of changes in RI-ACA are shown in
Figure 3. RI-ACA showed a relatively high value at 6
hrs after birth and then gradually decreased until 24 hrs,
showing the lowest value at 24 hrs. RI-ACA at 6 hrs
after birth significantly increased at 12, 24 and 48 hrs
(0.71[0.06] vs 0.64[0.05], 0.62[0.06], 0.63[0.07] : p
<0.05).

The time course of changes in TOI and FTOE were
shown in Fig. 4. TOI showed a relatively low value at 6
hrs after birth, then gradually increased until 24 hrs,
therefore gradually decreasing until 72 hrs. TOI at 6 hrs
after birth significantly decreased at 24 and 48 hrs
(58.0[3.6] vs 62.1[3.0], 61.7[4.0] : p<0.05). FTOE
showed a relatively high value at 6 hrs after birth, gradu-
ally decreased until 24 hrs, then gradually increased until
72 hrs. FTOE at 6 hrs after birth significantly increased
at 24 and 48 hrs (0.41[0.03] vs 0.36[0.03], 037[0.04] : p
<0.05).

The regression analysis between TOI and SVC flow is
shown in Fig. 5. There was a positive correlation be-
tween them (r=0.61, p<0.05), and no significant correla-
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Fig. 4 Longitudinal changes in cerebral tissue oxygenation index
(TOI) (A) and cerebral fractional tissue oxygen extraction
(FTOE) (B). TOI showed a relatively low value at 6 hrs
after birth and then gradually increased until 24 hrs.  TOI
at 6 hrs after birth significantly decreased at 24 and 48 hrs.
*p<0.05
FTOE showed a relatively high value at 6 hrs after birth
and then gradually decreased until 24 hrs. FTOE at 6 hrs
after birth significantly increased at 24 and 48 hrs.
*p<0.05
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Fig. 5 The relationship among the TOI and SVC flow, MABP
and all other measurements
There was a positive correlation between the TOI and
SVC flow (r=0.61, p<0.05)
There were no significant correlation between MABP and
all other measurements.

tion between MABP and all other parameters.
Discussion

Among healthy term newborn infants, we compared
the time cause of changes between the cerebral perfusion
measured by TOI, FTOE, RI-ACA and the systemic per-
fusion measured by SVC flow and MABP within 72 hrs
after birth. The RI-ACA which evaluates vascular re-
sistance in the brain and the FTOE which represents the
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ratio of oxygen consumption in cerebral tissues showed a
high value at 6 hrs after birth, and then decreased till 24
hrs after birth. The TOI which indicates cerebral oxy-
genation, and SVC flow which indicates the blood flow
of the upper body showed low value at 6 hrs after birth,
and then increased, showing a peak value at 24 hrs after
birth. A positive correlation was observed between TOI
and SVC flow. There was no correlation between
MABP and the other four measurements.

NIRS is a useful procedure to continuously measure
O,Hb, HHb and cHb non-invasively. The TOI is a pa-
rameter for the evaluation of oxygenation and the meta-
bolic state'”. Changes in the TOI are determined main-
ly by changes in Hb, SpO,, and blood flow in a clinical
setting. Among infants with stable Ht and SpO, values,
changes in the TOIl may reflect the change in blood
flow'"".  Naulaers et al. showed that there was a signif-
icant increase in the median TOI over the first 3 days of
life in 15 very low birth weight infants : 57% on day 1,
66.1% on day 2, and 76.1% on day 3"”.  They explained
that this increase in the TOI might reflect an increase in
CBF during this period because the subjects were man-
aged under stable conditions. Since the subjects of the
study are stable newborn infants without IVH, the de-
crease in cerebral TOI during the early postnatal period
might reflect a decrease in cerebral blood flow (CBF).
Therefore, the cerebral blood volume showed a low value
in healthy term newborn infants immediately after birth,
and then gradually increased. RI-ACA is thought to be
a parameter which evaluates cerebral perfusion resistance
in newborn infants”. This parameter shows high values
in patients with increased vascular resistance by cerebral
edema. This also shows low values in patients with de-
creased vascular resistance by HIE. In our study, the
increase of RI-ACA in 27 subjects during the early post-
natal period might be caused by the condition of cerebral
edema by mechanical stress at birth.

The cerebral fractional oxygen extraction (FOE),
which represents the ratio of oxygen uptake to oxygen
delivery is another parameter of cerebral oxygenation.
Naulaers et al.” recently showed a close correlation be-
tween the FTOE measured by NIRS and the actual FOE
in piglets, and concluded that FTOE is likely to provide
important continuous information on oxygenation status
of the brain. In our study, the TOI decreased and the
FTOE increased immediately after birth. Increased ce-
rebral FTOE reflects increased oxygen extraction by the
brain tissue and suggests that the oxygen consumption
Increased FTOE
may indicate a compensatory mechanism for the de-
creased cerebral tissue oxygenation associated with re-
duced CBF and reduced oxygen delivery'®.

The cardiac output evaluated by Doppler echocardio-
graphic measurement is useful to evaluate systemic blood

exceeds the rate of oxygen delivery.

(4)
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volume non-invasively. However, the effect of ductal
shunts on left ventricular output and of atrial shunts (fo-
ramen ovale) on right ventricular output cause either of
these measures to overestimate the real systemic blood
flow'”. Kluckow and Evans recently proposed that
SVC flow is a consistent marker of upper body perfusion,
which is not affected by the shunting that occurs at both
ductal and atrial level in newborn infants immediately af-
ter birth. They also reported that the SVC flow is a use-
ful parameter to evaluate cerebral perfusion because ap-
proximately 80% of this flow returns from the brain®.
Their detailed clinical study reported that preterm ill in-
fants who showed a period of low SVC flow during the
first 24 postnatal hours developed severe IVH'Y.  We
measured the time course of changes in SVC flow in
healthy term newborn infants in this study, and compared
this parameter with TOI which is a marker of cerebral
oxygenation and blood flow. Both parameters showed a
low value during the early postnatal period and then
gradually increased, and a significant correlation was ob-
served between them. This is probably because the TOI
reflects venous oxygen saturation, especially of the jugu-
lar vein which is located upstream of the SVC'”.  Since
the low value of SVC flow means a decrease in upper
body perfusion, the decrease of cerebral blood volume in
healthy term newborn infants immediate after birth is
likely to be caused not only by cerebral edema but also
by decrease of systemic blood volume.

The changing pattern of MABP in our study was not
similar to that of either TOI or SVC flow which are pa-
rameters of cerebral and systemic perfusion. There is a
possibility that the MABP did not evaluate the systemic
perfusion correctly by the effect of ductal shunt, espe-
cially during the immediate postnatal period. Fluctua-
tions of cardiac output caused by the ductal shunt flow is
due to the pulmonary vascular resistance, but not due to
the peripheral vascular resistance, that is, blood
pressure'®'?).
born infants with hypoxia-ischemia after severe birth as-

Some recent reports showed that new

phyxia had transient increase in CBF during acute
phase??".
ing in cerebral perfusion immediately after birth might be
useful for management such as providing predictive val-
ues of early parameters. The measurements of TOI and
FTOE using NIRS, and SVC flow using echocardiogra-
phy might be useful parameters for noninvasive bedside
assessment of cerebral perfusion in neonates.

In this respect, serial and detailed monitor-

Reference

1) David FT, Steven CC : Prenatal and postnatal devel-

opment of the cardiovascular system. Moss and
Adams’ Heart disease in infants, children, and ado-
lescents. 6th ed. (Eds) Hugh DA, Howard PG, Ed-

ward BC and David JD, Lippincott Williams &

(5)

Y. SUGANAMLI, et al : Changes of cerebral perfusion in healthy term newborn infants

2)

3)

6)

7)

14)

—229 —

Wilkins, Philadelphia, 53-63, 2001

Phibbs RH : Delivery room management.
tology-Pathophysiology management of the
newborn. 5th ed. (Eds) Avey GB, Flietcher MA
and MacDonald MG, Lippincott Williams & Wilkins,
Philadelphia, 279-300, 1999

Takami T, Yamamura H, Inai K, Nishikawa Y, Takei
Y, Hoshika A, Nakazawa M : Monitoring of cerebral

Neona-

oxygenation during hypoxic gas management in con-
genital heart disease with increased pulmonary blood
flow. Pediatr Res 58 : 521-524, 2005

Naulaers G, Meyns B, Miserez M, Leunens V, Van
Huffel S, Casaer P, Weindling M, Devlieger H : Use
of tissue oxygenation index and fractional tissue oxy-
gen extraction as non-invasive parameters for cere-
bral oxygenation. Neonatology 92 : 120-126, 2007
Kimball TR, Meyer RA : Echocardiography. Moss
and Adams’ Heart disease in infants, children, and
adolescents. 6th ed. (Eds) Hugh DA, Howard PG,
Edward BC and David JD : Philadelphia, Lippincott
Williams & Wilkins, 204-233, 2001

Takami T, Kawashima H, Kamikawa A, Takei Y, Mi-
yajima Y, Hoshika A : Prevalence of cardiac murmur
detected on routine neonatal examination. J Tokyo
Med Univ 59 : 290-293, 2001

Takami T, Yoda H, Kawakami T, Yamamura H, Na-
kanishi T, Nakazawa M, Takei Y, Miyajima T, Hoshi-
ka A : Usefulness of indomethacin for patent ductus
arteriosus in full-term infants. Pediatr Cardiol 28 :
46-50, 2007

Kluckow M, Evans N : Superior vena cava flow in
newborn infants : a novel marker of systemic blood
flow. Arch Dis Child Fetal Neonatal Ed 82 : F182-
F187, 2000

Pourcelot L : Applications cliniques de I’examen Dop-
pler transkutane. Vélocimétrie ultrasonore Doppler.
(Ed) Peronneau P, INSERM, Paris, 213-240, 1974
Weindling AM, Kissack CM : Blood pressure and
tissue oxygenation in the newborn baby at risk of
brain damage. Biol Neonate 79 : 241-245, 2001
Elwell CE, Henty JR, Leung TS, Austin T, Meek JH,
Delpy DT, Wyatt JS : Measurement of CMRO?2 in
neonates undergoing intensive care using near infra-
red spectroscopy. Adv Exp Med Biol 566 : 263-
268, 2005

Wong FY, Leung TS, Austin T, Wilkinson M, Meek
JH, Wyatt JS, Walker AM : Impaired autoregulation
in preterm infants identified by using spatially re-
solved spectroscopy. Pediatrics 121 : ¢604-¢611,
2008

Naulaers G, Morren G, Van Huffel S, Casaer P, Dev-
lieger H : Cerebral tissue oxygenation index in very
premature infants. Arch Dis Child Fetal Neonatal
Ed 87 : FI189-F192, 2002

Kissack CM, Garr R, Wardle SP, Weindling
AM : Cerebral fractional oxygen extraction is in-
versely correlated with oxygen delivery in the sick,



—230— THE JOURNAL OF TOKYO MEDICAL UNIVERSITY Vol. 68 No. 2

newborn, preterm infant. J Cereb Blood Flow pressure and cardiac output in preterm infants requir-

Metab 25 : 545-553, 2005 ing mechanical ventilation. J Pediatr 129 : 506-
15) Takami T, Kawashima H, Kamikawa A, Takei Y, Mi- 512, 1996

yajima Y, Hoshika A : Characteristics of 11 neonates 19) Pladys P, Wodey E, Beuchee A, Branger B, Be-

with atrial septal defects detected by heart murmurs. tremieux P : Left ventricle output and mean arterial

Am J Perinat 20 : 195-199, 2003 blood pressure in preterm infants during the 1* day of
16) Kluckow M, Evans N : Low superior vena cava flow life. Eur J Pediatr 158 : 817-824, 1999

and intraventricular haemorrhage in preterm infants. 20) Rosenbaum JL, Almli CR, Yundt KD, Altman DI,

Arch Dis Child Fetal Neonatal Ed 82 : F188-F194, Powers WJ : Higher neonatal cerebral blood flow

2000 correlates with worse childhood neurologic outcome.
17)  Yoxall CW, Weindling AM, Dawani NH, Peart I : Neurology 49 : 103, 1997

Measurement of cerebral venous oxyhemoglobin sat- 21) Meek JH, Elwell CE, McCormick DC, Edwards AD,

uration in children by near-infrared spectroscopy and Townsend JP, Stewart AL, Wyatt JS : Abnormal ce-

partial jugular venous occlusion. Pediatr Res 38 : rebral haemodynamics in perinatally asphyxiated ne-

319-323, 1995 onates related to outcome. Arch Dis Child Fetal
18) Kluckow M, Evans N : Relationship between blood Neonatal Ed 81 : F110-F115, 1999

WEHPER A DL 35 O B AL R R O G BR 00 S

=

) S =) il H K OKR
SN S H 7 fip i
"R *h meoug

il
T

1

FRU R R R/ R 2w

IEMABERT A VR 27 Bl A 0h RIS 6. 12, 24, 48, T2 REHIC B VT, SERIMESDEE (NIRS ; Near-infrared spec-
troscopy) & HEEBWHEE (T3 —) %AV CIIEER & ARG OREFEEM 2 1T - 720 IHLBRER 2L 84S Tissue
oxygenation index (TOI) & 25 D IMEER T & fFi§ % L AKEHIRMGEE (SVC flow) 13414 6 R CTIE % 526 7214,
Al ES LR 24 M Ciemfii 2 7R L 7zo B KBNEIR 5T O IKPT % ¥ % Resistance index (RI) & Ak <o
FRFHH R OFREE L 72 A fractional tissue oxygen extraction {FTOE=(Sp,0O — TOI)/Sp,O} 132 6 M TEifili % 7R L 7214
At 24 W E TIRT § 2 81b %2 R L7ze £72.TOIL & SVC flow OB CHELMBEA D 517z, FHIME (MABP)
TERZR M X D IRA I LA T LEEREAD AL NI, FOMOWEERF & ORI BERILEED Sk o
72 WMAEEHZO Y ED AR CEBMAMBREORT B L OMEEOERT RO SN, ZNSDZBLIZHEA ML A
R BEIE OB IRYMEERA O BB B IR E O X 2B O e RIE S 72, NIRS
(X% TOI B LU FTOE #ll7E & LTI —12 X % SVC flow I8, HrA R OIEREM 2 IR ML LTHATH
HEEZEZ BNz,

(F—7—F) B RIMES OGS (NIRS) EBIRR (LI (TOD LB E (Lo —) BuiMmi& (CBF)

(6)



