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This study examined the relationships between cerebral frac-
tional oxygen extraction (FOE), mean arterial blood pressure
(MABP), left ventricular output (LVO), blood gases, and other
physiologic variables in 36 very-low-birth-weight preterm in-
fants during the first 3 d after birth. There was a decrease in
cerebral FOE (p � 0.008), and rises in LVO (p � 0.0001) and
MABP (p � 0.02) during the 3 d. Between d 1 and 2, cerebral
FOE decreased (p � 0.007) and LVO increased (p � 0.0001).
There was no relationship between MABP and cerebral FOE.
LVO correlated negatively with cerebral FOE on d 1 (p � 0.01),
but not on d 2 (p � 0.07). On d 1, median pressure of arterial
CO2 was lower in infants with low LVO (�5th centile) and high
cerebral FOE (�95th centile) than in infants with low LVO (�5th

centile) but normal cerebral FOE (5th–95th centile) (p � 0.03).
These findings suggest that cerebral FOE was increased only
when LVO was low and there was hypocarbia. MABP had no
demonstrable effect. It is likely that increased cerebral FOE is a

normal physiologic response to maintain an adequate oxygen
supply to the cerebral tissues when LVO is low and hypocarbia
has caused vasoconstriction. It is possible that the cerebral
hemispheres are low-priority vascular beds in the preterm infant,
and that the high cerebral FOE is a result of reduced hemispheric
blood flow to maintain MABP in the presence of low LVO.
(Pediatr Res 55: 400–405, 2004)

Abbreviations
FOE, fractional oxygen extraction
CBF, cerebral blood flow
LVO, left ventricular output
MABP, mean arterial blood pressure
PaCO2, pressure of arterial CO2

SvO2, venous oxygen saturation
SaO2, arterial oxygen saturation
IQR, interquartile range

Acquired cerebral injury is a serious problem for infants
born prematurely. The EPICure study, which examined the
neurologic outcomes of infants born at 25 or fewer completed
weeks of gestation, found that 49% of children had disability at
a median age of 30 mo (corrected for gestation) (1). These
children included 23% who met the criteria for severe disabil-
ity. The two most common acquired cerebral lesions are intra-
ventricular hemorrhage and cystic periventricular leukomalacia
(2). Although both have a number of suggested etiologies, one
commonly suggested factor is disturbed cerebral hemodynam-
ics (3, 4). A number of studies have demonstrated that blood

pressure may play an important role in the control of CBF and
the pathogenesis of cerebral injury (4, 5). There is a widely
held belief among clinicians that hypotension is an important
cause of impaired organ perfusion, low CBF, insufficient ce-
rebral oxygen delivery, and consequent cerebral injury, and
considerable therapeutic effort is therefore put into maintaining
blood pressure. This is in spite of several studies of the
relationship between blood pressure and cerebral hemodynam-
ics, which suggest that blood pressure may not be as important
as it is currently thought to be (6–10). There is, however,
evidence that changes in blood gases, in particular changes in
PaCO2, influence cerebral hemodynamics (11–13), with a prob-
able link between hypocarbia and cerebral injury (14, 15).

Our own previous work has also failed to demonstrate any
significant relationship between MABP and cerebral FOE (16).
Cerebral FOE represents the ratio of oxygen consumption to
delivery. As oxygen delivery decreases, FOE increases so that
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oxygen consumption remains constant, until a critical point is
reached at which oxygen extraction is maximal and oxygen
consumption will also decrease. This study was undertaken to
investigate which physiologic variables, including blood pres-
sure, LVO, and blood gases, influence cerebral FOE in the
newborn, preterm, very-low-birth-weight neonate. The primary
hypothesis was that cerebral FOE correlated with MABP over
the first 3 d after birth in these infants. We were particularly
interested in those infants with very high cerebral FOE (�95th

centile and presumably closest to the critical point) and exam-
ined their physiologic variables in detail.

METHODS

Subjects. Thirty-six infants were studied. All infants were
delivered at �32 wk of gestation, and had birth weights �1500
g. All infants had an umbilical arterial catheter for continuous
blood pressure monitoring and blood sampling, and were
receiving conventional mechanical ventilation. Measurements
of cerebral venous saturation and cardiac function were made
within the first 12 h after birth (d 1), between 24 and 36 h of
age (d 2), and between 48 and 60 h of age (d 3). The severity
of the clinical condition of the infants was assessed using the
clinical risk index for babies (CRIB) score (17). Informed
consent was obtained from the parents before making any
measurements. The study was approved by a Regional Paedi-
atrics Ethics Committee.

Cerebral FOE. Cerebral SvO2 was measured with a partial
jugular venous occlusion technique using near-infrared spec-
troscopy (Hammamatsu NIRO 500, Hamamatsu UK Ltd.,W-
elwyn Garden City,

Hertfordshire, U.K.) and pulse oximetry (Datex, Helsinki,
Finland). The technique has been described fully and validated
against invasive measurements (18). The near-infrared optodes
were placed in a fronto-temporal arrangement on the head, and
the inter-optode distance was measured using calipers. All
inter-optode distances were between 2.5 and 4.0 cm. Near-
infrared measurements of SvO2 were considered acceptable
only if there was a preceding steady baseline for both Hb and
oxyhemoglobin (HbO), followed by a rise in both during the
partial jugular venous compression, with both returning to the
preexisting baseline immediately after the compression.

SaO2 was measured using the pulse oximeter in beat-to-beat
mode, taking a reading every 0.5 s, with the probe located on
the infant’s right hand. The mean SaO2 for the 5 s immediately
preceding the partial jugular venous occlusion was taken as the
value for SaO2.

At least five separate partial jugular venous occlusions were
performed for each measurement, and the mean values of SaO2

and SvO2 from the five readings were used to calculate the
cerebral FOE, using the following equation: FOE � (SaO2 �
SvO2)/SaO2. The derivation of this formula has been previously
described (19).

Echocardiographic measurement of LVO. LVO was mea-
sured by echocardiography (Vingmed CFM 725 ultrasound
scanner, Vingmed, Oslo, Norway) with a 7.5 MHz probe (GE
Medical Systems, Waukesha, WI, U.S.A.), a method validated
in critically ill adults and an animal model of the human

neonate (20, 21). Measurement of LVO was performed imme-
diately after completion of cerebral measurements. Aortic di-
ameter was measured in an M-mode parasternal long-axis
view, using the trailing edge to leading edge method, which has
less intraobserver variability than other methods (22). The
aortic diameter was taken as the average measurement for three
cycles. Aortic pulsed Doppler signals were recorded from
either suprasternal or apical sites, whichever permitted best
alignment of the ultrasound beam resulting in the strongest
signal. The aortic flow velocity integral, which reflects average
aortic red cell velocity, was assessed by measuring area under
the curve of the spectral trace. LVO was calculated from aortic
diameter, aortic flow velocity integral, and heart rate.

Measurement of other variables. All infants had a Hb
measurement on each day. Blood gases and blood glucose were
measured after each of the near-infrared and echocardiographic
measurements. Temperature was monitored using a skin probe
(Athena, S&W Medico Teknik, Albertslund, Denmark), placed
on the abdomen over the liver.

Statistics. Data were analyzed using SPSS Version 10.0.7.
Changes in variables over the 3 d of study were analyzed using
a one-way ANOVA suitable for repeated measurements within
individuals. Subsequent analyses of changes between d 1 and 2
and d 2 and 3 were performed using the paired t test with
Bonferroni correction. Backwards method multiple linear re-
gression was used to investigate which of the following vari-
ables were associated with cerebral FOE on each day: gesta-
tion, birthweight, MABP, LVO, temperature, pH (converted to
arterial blood hydrogen ion concentration for the purpose of
multiple linear regression), mean airway pressure, PaCO2, PaO2,
arterial Hb concentration, and blood glucose concentration.
Subsequent correlations between variables on each day were
examined using the Pearson correlation coefficient. Dichoto-
mization of LVO and cerebral FOE data were performed using
5th or 95th centile limits, which were defined using unpublished
data provided by Dr. N, Evans, Sydney, Australia, for LVO
and by our own group for cerebral FOE. Comparisons between
subgroups generated in this manner were performed using the
Mann-Whitney U test.

RESULTS

Thirty-six infants were studied, and their descriptive details
are shown in Table 1. Data are reported as mean � SD, or as
median (IQR) for subgroup analysis. In the following descrip-
tion, the term low is used to describe values below the 5th

centile, normal to describe those between the 5th and 95th

centiles, and high to describe those above the 95th centile.

Table 1. Descriptive details

Mean � SD

Gestation (wk) 26 � 2
Birth weight (g) 929 � 250
Time of measurement d 1 (h) 7 � 3
Time of measurement d 2 (h) 29 � 4
Time of measurement d 3 (h) 53 � 4
CRIB score* 5 (2–9)

* Data for CRIB score were not normally distributed and are therefore
presented as median (IQR).
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Cerebral FOE

There were successful measurements of cerebral FOE on all
3 d in 25 infants. Ten infants had two successful measure-
ments, and one infant had only one successful measurement
completed. The reasons for failure of the 12 missing measure-
ments were death before the d 3 of life (1 measurement),
equipment failure (2 measurements), and rejection of recorded
data for failure to meet preset standards, usually because of
movement artifact (9 measurements).

All but four successful measurements of cerebral FOE had a
corresponding successful measurement of LVO, the missing
measurements being due to equipment failure. All infants with
cerebral FOE measurements had continuous MABP recording.

Sequential Changes between Days 1, 2, and 3

Results for all 3 d are summarized in Table 2. There were
significant differences across the 3 d of measurement in cere-
bral FOE (p � 0.008), MABP (p � 0.02), and LVO (p �
0.0001). Subsequent analysis demonstrated that the significant
difference lay between first and subsequent days. Cerebral FOE
was significantly lower on d 2 than on d 1 (p � 0.007). LVO
was significantly higher on d 2 than on d 1 (p � 0.0001), and
although it increased again on d 3, this change was not
significant (p � 0.08). Although MABP increased significantly
across the 3 d (p � 0.02), the changes between d 1 and 2 (p �
0.1), and between d 2 and 3 (p � 0.5), were not themselves
significant.

Arterial Hb concentration decreased significantly over the
3 d of measurement, and the significant change occurred
between d 2 and 3 (p � 0.012). Arterial pH also fell signifi-
cantly, the significant change occurred between d 1 and 2 (p �
0.018).

The Relationships between Variables for Each Day

Day 1. Results for d 1 are summarized in Table 2. There was
a significant negative correlation between LVO and cerebral
FOE (Fig. 1). There was no significant correlation between
MABP and cerebral FOE (Fig. 1).

A backwards method multiple linear regression analysis was
applied, using a significance level of p � 0.05. This generated

a significant model (p � 0.03) in which LVO and PaCO2

combined predicted cerebral FOE: cerebral FOE � 0.563 �
(9E-4 � LVO) � (2E-3 � PaCO2).

Of these two variables, the analysis demonstrated that only
LVO was a significant independent predictor of cerebral FOE
(p � 0.02).

The data were therefore explored further to discover the
values of LVO and PaCO2 that influenced cerebral FOE on d 1.
Seven infants had high cerebral FOE: their median (IQR) LVO
was 78 (65–98) mL/kg/min, significantly lower (p � 0.009)
than LVO in those infants with normal cerebral FOE, which
was 130 (101–167) mL/kg/min. Eighteen infants had low
LVO: their median (IQR) cerebral FOE was 0.39 (0.34–0.47),
significantly higher (p � 0.03) than cerebral FOE in those
infants with normal LVO, which was 0.33 (0.27–0.36).

Of the 18 infants with low LVO, cerebral FOE was high in
7, normal in 10, and low in 1. The seven infants with high
cerebral FOE had median (IQR) PaCO2 37 (28–40) mm Hg,
significantly lower (p � 0.03) than PaCO2 in the 10 infants with
low LVO and normal cerebral FOE which was 43 (41–46) mm
Hg.

Day 2. Results for d 2 are summarized in Table 2. As on d
1, infants with low LVO on d 2 tended to have higher cerebral
FOE, although this did not achieve statistical significance (Fig.
1). Also as on d 1, there was no significant relationship
between MABP and cerebral FOE (Fig. 1). A backwards
method multiple linear regression analysis did not demonstrate
any relationship between cerebral FOE and any of the mea-
sured variables, nor were any models for predicting cerebral
FOE generated.

Five infants had high cerebral FOE: their median (IQR)
LVO was 111 (109–124) mL/kg/min, significantly lower (p �
0.009) than LVO in those infants with normal cerebral FOE,
which was 176 (145–234) mL/kg/min. Seventeen infants with
low LVO had median (IQR) cerebral FOE 0.30 (0.27–0.40),
significantly higher (p � 0.03) than cerebral FOE in those
infants with normal LVO, which was 0.24 (0.23–0.27).

Of the 17 infants with low LVO, cerebral FOE was high in
5, normal in 11, and low in 1. The five infants with high
cerebral FOE did not demonstrate any significant difference in
PaCO2 when compared with those with normal cerebral FOE.

Table 2. Results summary

Day 1 Mean � SD Day 2 Mean � SD Day 3 Mean � SD p Value

Cerebral FOE 0.36 � 0.11 (n � 32) 0.29 � 0.08 (n � 34) 0.29 � 0.09 (n � 30) 0.008
MABP (mm Hg) 34 � 8 (n � 36) 37 � 8 (n � 34) 40 � 10 (n � 31) 0.02
LVO (mL/kg/min) 129.5 � 56.4 (n � 34) 175.8 � 68.0 (n � 33) 192.5 � 65.3 (n � 31) �0.0001
PaCO2 (mm Hg) 39 � 10 (n � 36) 41 � 12 (n � 34) 40 � 7 (n � 31) 0.87
pH 7.38 � 0.09 (n � 36) 7.33 � 0.08 (n � 34) 7.31 � 0.04 (n � 31) 0.009
PaO2 (mm Hg) 56 � 17 (n � 35) 61 � 19 (n � 34) 61 � 25 (n � 28) 0.17
SaO2 (%) 94 � 4 (n � 32) 93 � 5 (n � 34) 95 � 2 (n � 30) 0.3
Mean airway pressure (cm H2O) 8 � 2 (n � 36) 6 � 2 (n � 32) 7 � 3 (n � 22) 0.1
Blood glucose* (mmol/L) 4.6 � 1.7 (n � 36) 5.3 � 2.1 (n � 34) 4.8 � 1.6 (n � 31) 0.9
Hb (g/dL) 15.9 � 2.8 (n � 34) 15.3 � 2.0 (n � 34) 14.3 � 2.7 (n � 32) 0.01
Temperature (°C) 36.5 � 0.7 (n � 33) 36.7 � 0.5 (n � 30) 36.6 � 0.5 (n � 28) 0.6

All data are presented as mean � SD.
Statistical values presented have been generated by one-way ANOVA suitable for repeated measures within individuals. Details of further analyses using

Bonferroni correction are documented in the text.
* Eight outlying values of blood glucose have been excluded from this data summary.
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Day 3. Results for d 3 are summarized in Table 2. The
relationship that existed between LVO and cerebral FOE on d
1 was not shown to be present on subsequent days (Fig. 1). As
on d 1 and 2, there was no significant relationship between
MABP and cerebral FOE (Fig. 1). A backwards method mul-
tiple linear regression analysis did not demonstrate any rela-
tionship between cerebral FOE and any of the measured vari-
ables, nor were any models for predicting cerebral FOE
generated.

There were only two infants with high cerebral FOE by d 3.
These infants, with LVO of 122 and 141 mL/kg/min, tended to
have lower LVO (p � 0.08) than those infants with normal
cerebral FOE, who had median LVO of 177 (152–219) mL/
kg/min. Cerebral FOE in the 16 infants who had low LVO was
not significantly different from that in infants with normal
LVO, in contrast to the findings on d 1 and d 2.

DISCUSSION

This study has shown that on the first day after birth, very
low birth weight infants had increased cerebral FOE when

there was hypocarbia in combination with low LVO. Descrip-
tive analysis demonstrated an inverse relationship between
LVO and cerebral FOE on d 1. MABP changes over the range
that occurred in this study had no demonstrable effect on
cerebral FOE.

Cerebral FOE was higher on the first day after birth than on
d 2 and 3. As FOE represents the ratio of oxygen consumption
to oxygen delivery, an increase may be due to increased
oxygen consumption because of increased cerebral metabolic
rate, decreased oxygen delivery, or both. There was no iden-
tifiable reason why the cerebral metabolic rate of any of the
infants in this study might be increased, for example, none of
the infants demonstrated overt seizure activity. Consequently,
it is likely that increased cerebral FOE on d 1 was a response
to decreased oxygen delivery, most probably because of de-
creased CBF. None of the measurements in this study were
made within 3 h of the first dose of surfactant, and all were
completed before administration of the second dose, because it
is known that surfactant administration has a significant effect
on cerebral hemodynamics (23). No infants received any fluid

Figure 1. The relationship between cerebral FOE and MABP (left column) and cerebral FOE and LVO (right column) on d 1, 2, and 3. A significant negative
correlation between cerebral FOE and LVO was present on d 1, with a similar tendency on d 2. There was no relationship between cerebral FOE and MABP
on d 1, 2, or 3.
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bolus or change in inotrope administration during the measure-
ments. Those already receiving inotropes at the time of mea-
surement did not have a cerebral FOE that was significantly
different to FOE in those that were not.

The assessment of systemic blood flow using LVO is limited
in that it may reflect ductal flow. Despite this, we demonstrated
a significant rise in both LVO and blood pressure over the 3 d
after birth, as previously demonstrated by others (24, 25). We
have shown that this was associated with a significant fall in
cerebral FOE. On none of the days was there a demonstrable
correlation between cerebral FOE and blood pressure. This
observation is in line with other recent research that has also
failed to demonstrate any association between blood pressure
and CBF (6–9, 26). There was, however, a significant negative
correlation between LVO and cerebral FOE on the first day.
The implication of these observations is that LVO is likely to
be an important determinant of cerebral oxygen delivery, most
probably by influencing CBF. This was in contrast with sys-
temic blood pressure, which had no apparent effect.

There is little other published work concerning the relation-
ship between LVO and cerebral oxygen delivery in newborn
infants. There is, however, some evidence to support our
conclusion that decreased LVO is likely to result in reduced
cerebral oxygen delivery. For example, when an orogastric
tube was passed in healthy preterm infants, a bradycardia of
�80 beats per minute was associated with a significant fall in
anterior cerebral artery blood flow velocity (27). Flow velocity
in an individual artery, however, is not a direct measurement of
global CBF. Studies of global CBF have demonstrated no
significant change after therapeutic measures that altered LVO,
such as dopamine or fluid bolus administration (28). Also,
other research that has demonstrated a relationship between
LVO and mean anterior cerebral artery blood flow velocity
suggested that this relationship was mediated via changes in
MABP (29).

Although we have demonstrated a negative correlation be-
tween LVO and cerebral FOE, some infants with low (�5th

centile) LVO were able to maintain a normal (5th–95th centile)
cerebral FOE (Fig. 1). These infants did this presumably by
maintaining their CBF by some mechanism other than vaso-
constriction in peripheral vascular beds and the maintenance of
blood pressure. The most likely mechanism is through cerebral
autoregulation, maintaining a stable CBF by vasodilatation or
vasoconstriction. Consideration of the infants with low LVO
revealed that those with high cerebral FOE had significantly
lower PaCO2 than those with normal cerebral FOE. This sug-
gests that, in the presence of low LVO, hypocarbia appears to
be associated with an increase in cerebral FOE. This finding
supports the notion that PaCO2 has a powerful effect on cerebral
vascular tone and CBF, an effect previously demonstrated in
adults and newborn infants (8, 11–13, 30–32). Our results
suggest that preterm infants with low LVO and higher values
of PaCO2 may be able to maintain adequate cerebral oxygen
delivery, presumably by cerebral vasodilatation, to improve
CBF and maintain a normal cerebral FOE. Infants with low
LVO and low values of PaCO2 would have cerebral vasocon-
striction and thus reduced CBF. This would reasonably be
expected to lead to reduced cerebral oxygen delivery, and

cerebral FOE increased as an appropriate compensatory phys-
iologic response. It is of interest that, in this study, infants with
high cerebral FOE in the presence of low LVO included some
with PaCO2 as high as 37 mm Hg, which would normally be
considered to be within the normal range.

When interpreting our results it is important to consider
which cerebral tissues are investigated when using near-
infrared spectroscopy. In this study, we used a differential path
length factor of 3.85, comparable to those generated previously
by time of flight and second differential spectroscopy studies of
the neonatal brain (33, 34). Thus, for an inter-optode distance
of 2.5 cm, mean depth of penetration could, at most, be only
4.8 cm. Depth of penetration was in fact likely to be much less
because of scattering, which causes the near-infrared photons
to take an erratic path through the cerebral tissues. As a
consequence the near-infrared photons pass largely through
only the cerebral cortex. Deeper caudal structures, such as the
brainstem, are therefore poorly represented by near-infrared
studies such as ours.

This limitation of the technique suggests one explanation for
the relationship of FOE with LVO and PaCO2, with no apparent
change in systemic blood pressure. LVO is not the only
determinant of blood pressure in the human infant (35). When
LVO is low, blood pressure is maintained by vasoconstriction
in the low-priority peripheral vascular beds, the purpose of
which is to maintain perfusion pressure. It is possible that the
cerebral hemispheres of these very immature infants are also
low-priority vascular beds, in contrast to the situation in the
more mature person. The implication of this notion is that
when LVO is low in immature preterm babies, vasoconstric-
tion might occur in the cerebral hemispheres, as well as in
peripheral vascular beds. The purpose of such a mechanism
would be to maintain CBF to more vital areas, such as the
caudal areas of the brain including the brainstem.

To summarize, our findings suggest that LVO is an impor-
tant determinant of cerebral oxygen delivery. As cerebral
oxygen delivery decreases, cerebral FOE rises. LVO seems to
have a more significant effect on cerebral oxygen delivery than
MABP, at least in the range studied here, with MABP as low
as 19 mm Hg in one infant. With more severe hypotension this
may not hold true. These results provide further evidence for
the importance of PaCO2 as a regulator of cerebral vascular tone
and consequently the adequacy of cerebral oxygen delivery.
This seems to be particularly relevant in those infants with a
low cardiac output state. The association between cerebral
FOE and LVO, but not blood pressure, may be the result of
vasoconstriction in the cerebral hemispheres as well as periph-
eral vascular beds, suggesting that the cerebral hemispheres
may be low-priority vascular beds in the very immature human
infant.
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