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Effects ofhypoxaemia and bradycardia on neonatal
cerebral haemodynamics
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Abstract
Near infrared spectroscopy has been used to
assess the effects of bradycardia and hypoxia
on the cerebral circulation in the premature
neonate. The technique is well tolerated and
can be applied in almost any infant. Con-
tinuous monitoring of changes in cerebral
oxygenated, deoxygenated, and total haemog-
lobin is possible. Total haemoglobin is analo-
gous to cerebral blood volume; thus informa-
tion on circulatory changes as well as oxyge-

nation state can be obtained. Twenty five
babies had cerebral monitoring carried out
using this technique. During episodes of
hypoxia, both spontaneous and induced,
impairment of haemoglobin oxygenation
within the brain was detected together with an
overall increase in the total mean haemoglo-
bin concentration, which was 08x 10-2
mmol/l. Bradycardia with apnoea also led to
impairment of cerebral oxygenation, and to a

rapid fall in the concentration of total mean
haemoglobin to 1-4x 10-2 mmoVI, which was

followed in some cases by an increase to
above the resting value on recovery of the
heart rate to a mean of 0-7x102 mmol/l.
These disturbances to total haemoglobin con-
centration represent abnormalities of cerebral
blood volume that may be implicated in the
pathogenesis ofneonatal cerebral injury.
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Neonatal cerebral injury is an important cause

of morbidity and mortality in the low birth-
weight and premature infant, and occurs in a

significant proportion of neonates despite ad-
vances in intensive care techniques. 2
The aetiology of cerebral injury, both peri-

ventricular leukomalacia and periventricular
haemorrhage, is not completely understood.
Many risk factors have been identified as being
associated with the development of cerebral
injury, but recent work suggests that the
major underlying mechanism is disturbance to
cerebral haemodynamics against the back-
ground of a developing brain with immature
vasculature and impaired autoregulation.
Identification of such disturbance is extremely
difficult in the neonate, and at best only single
estimates of cerebral blood flow can be made by
such methods as '33xenon clearance and Dop-
pler ultrasound.9 '0 A relatively new technique
has been developed, near infrared spectroscopy
(NIRS), which appears to have the potential to
make continuous, non-invasive measurements
of changes in oxygenated and deoxygenated
haemoglobin and in total haemoglobin, which is

related to blood volume in the tissue being
studied.

Previous work by our group in perfused and
in situ organs in animals has demonstrated that
NIRS is an easily applied technique that can
give rapid results in situations that may be
changing very quickly."1-13 We report here
results which show that the technique can also
be used to identify abnormalities of the cerebral
circulation in infants. The aims of the study
were to identify, using NIRS, any disturbances
to cerebral blood volume and total haemoglobin
and cerebral oxygenation that may occur in
association with the commonly seen problems of
hypoxia and bradycardia in premature infants.

Methods
NIRS
The technique of in vivo NIRS was first
described by Jobsis,14 and its potential value for
use in the newborn was reported by Rea et al. "
Brazy et al also described its application in the
neonate.'5 Tissue is transilluminated by light in
the near infrared region (700-1000 nm), which
penetrates tissue much more readily than visible
light. Certain chromophores within tissue show
specific absorption characteristics, in particular
oxygenated and deoxygenated haemoglobin.

Using several specific wavelengths in the near
infrared part of the spectrum it is possible to
monitor these chromophores within the
brain."l6 The derivation of quantitative deter-
minations is, however, less than straightfor-
ward. Algorithms that utilise the Beer-Lambert
law and incorporate derived extinction coeffi-
cients for oxygenated and deoxygenated
haemoglobin are used to convert changes in
optical absorbance, A, to changes in concentra-
tion of the chromophores being studied. Near
infrared multiplier coefficients for calculation of
concentration changes for the three wavelengths
used are given in the table.'7 For example the
change in concentration of deoxygenated
haemoglobin is given as: Al (1-641)-A2
(0-935)-A3(0-178) where Al, A2, and A3 are
the changes in absorbance at 775, 845, and 904
mm respectively.

Near infrared multiplier coefficiens
Haemolobin Waveegh (nm)

775 845 904

Oxygenated -1-156 0-074 1-428
Deoxygenated 1-641 -0 935 -0-178
Total 0-485 -0-861 1-249
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INSTRUMENTATION
NIRS instrumentation has been developed by
the department of biomedical engineering and
medical physics, University of Keele. The
instrument uses four laser diodes of wave-
lenghts 775, 805, 845, and 904 nm. The laser
firing circuit is controlled by a microprocessor
and provides light pulses of 200 ns duration that
are transmitted along flexible glass optical
fibres. Analysis of light transmitted through the
biological organ is then carried out by computer
using the near infrared multiplier coefficients as
described above. Changes in concentration of
oxygenated and deoxygenated haemoglobin and
in total haemoglobin are displayed in real
time."1 12 18 The system achieves a coefficient
of variation of 0-01% over a 30 second period
while monitoring a basal level of eight optical
density units. System drift is less than 0 004
optical density/hour for all four laser diodes.
The light energy produced falls well within

safety limits as set by the British Standards
Institute (BSI 4803). The near infrared system
produces 0 133 Joules (J) per square metre (for
single pulse) and 173 Watts (W) per square
metre (mean power) compared with BSI limits
of 200 J (single pulse) and 2000 W (mean
power). A sensation of warmth occurs at 1000
W. No adverse effects of NIRS have been
reported.

NEONATAL APPLICATION
For studies on the neonatal brain near infrared
light at the appropriate wavelengths is transmit-
ted along glass fibre optic bundles, through an
attachment probe in which the light is turned
through 90 degrees, thus enabling the fibres to
rest alongside the baby's head. Double sided
adhesive rings are used to keep the probes in
place on opposite sides of the head on the
temples. The interoptrode distance is measured
with calipers between the surface of the two
attachment devices. They are then bandaged in
place. This is well tolerated by most infants,
and other nursing and medical care can con-
tinue. The probes incorporate a safety switch
that automatically stops the transmission of
light if the probes become detached from the
baby's head, in order to prevent the accidental
entry of light into the eye.

QUANTITATIVE MEASUREMENTS
All values given are for changes in concentration
from a baseline value during stable periods. In
order to carry out absolute quantitation of
results the determination of optical pathlength
is required. As tissue is a complex, highly
scattering medium, the optical pathlength is
greater than the physical separation of transmit-
ter and detector. Current estimates of optical
pathlength give a value of approximately 4*5
times the interoptrode distance,'9 but it is
generally accepted that further work is required
in this area. Therefore no attempt is made here
to measure absolute values because of the many
assumptions required to do this and the remain-
ing uncertainties regarding actual optical path-

length. In all plots shown the y axis represents
change in concentration in mmol/l for the whole
sample being studied. In order to make some
comparisons between different babies (with
different sized samples or heads), results are
expressed per cm of sample size. This is derived
from the physical interoptrode distance; the
total change in concentration being divided by
this figure to give change in concentration per
cm of brain. The assumption is thus made that
there is an association between optical path-
length and physical pathlength, which does not
vary gready with gestation.
Changes in the concentration of total haemog-

lobin are of great importance as they are consi-
dered to represent changes in blood volume of
the sample being studied. In the brain all
haemoglobin is contained within the vascular
compartment unless haemorrhage has occurred.
Provided that packed cell volume and therefore
the association between plasma volume and
haemoglobin remains constant, then changes in
the concentration of total haemoglobin will
reflect changes in total cerebral blood volume.
For studies over a fairly short time period the
packed cell volume can be assumed to be
constant.

In order to express changes in haemoglobin
oxygenation, the haemoglobin oxygenation
index (oxygenated minus deoxygenated) is
used. This enables comparison between babies
and can be used in circumstances where there is
a change in total haemoglobin.

Patients
(A) HYPOXIA STUDY
Sixteen infants with a total of 50 episodes of
hypoxia were studied. These infants were all
recovering from respiratory distress syndrome
or had bronchopulmonary dysplasia and were
still oxygen dependent at the time of study. Ges-
tational age varied from 24 to 33 weeks (median
29), birth weight ranged from 580 to 2720 g
(median 1012), and age at the time of study was
from 3 to 105 days (median 20).
The babies were all stable in low concentra-

tions of oxygen, and had normal cranial ultra-
sound scans or minimal abnormalities.
These babies were studied during sponta-

neous (n=20) or induced (n=30) falls in arterial
saturation as measured by pulse oximetry (using
an Ohmeda Biox 3700e). A change in arterial
saturation of 5 to 10% was induced by altering
the inspired oxygen for a period of five minutes,
then returning this to the initial value. This
change is considered safe, and is similar to that
seen during nursing procedures and feeds. In
those infants monitored during spontaneous
fluctuations in arterial saturation the concentra-
tion of inspired oxygen was increased if the
saturation fell below 80%b.

In three babies also being monitored with
transcutaneous carbon dioxide electrodes no
significant change in skin carbon dioxide ten-
sion was seen, but it is possible that a transient
brief rise in arterial carbon dioxide tension
occurred. Continuous blood pressure data were
not available for these studies as all indwelling
lines had been removed by the time of study.
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(B) BRADYCARDIA STUDY
In a second group of nine babies, a total of 15
studies were carried out during spontaneous
bradycardias. In this group gestation varied
from 24 to 30 weeks (median 27), birth weight
from 580 to 1120 g (median 990), and age at the
time of study from 3 to 96 days (median 20).
The babies were either recovering from respira-
tory distress syndrome or had bronchopulmon-
ary dysplasia, and they were all relatively stable
in headbox oxygen. The bradycardias in all
cases were considered to be related to apnoea of
prematurity and not symptomatic of other
illness-that is, infection, anaemia, etc, had
been excluded. In some infants treatment with
oral theophyllines had been started.

Monitoring was carried out during bradycar-
dias with spontaneous recovery; if intervention
was required then monitoring was terminated
and the baby stimulated as appropriate.
As in the previous protocol, only three babies

were of an age where transcutaneous carbon
dioxide monitoring could be carried out. No
change in skin carbon dioxide tension with
bradycardia was detected, but again it is possi-
ble that arterial carbon dioxide tension changed
in some infants. Direct blood pressure monitor-
ing was not possible.

Approval from the local ethical committee
was given for both studies and informed paren-
tal consent was obtained for each baby.

Results
Background noise while monitoring a baby in a
stable state at rest was found to be ±0-0027
mmol/l for deoxygenated and ±0-0026
mmol/l for oxygenated and total haemoglo-
bin.

(A) HYPOXIA STUDY
For babies studied during changes in arterial
saturation, it was found that a fall in arterial
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Figure I The association between change in SaO2 and change in haemoglobin oxygenation
indexfor48 eisodes ofsponneous and induced desaturaion.

oxygen saturation (SaO2) was consistently asso-
ciated with a change in oxygenation index as
monitored by NIRS. The size of the fall was
related to the degree of change in oxygenation
index as can be seen in fig 1. In the majority of
cases total haemoglobin (oxygenated plus de-
oxygenated), increased during arterial desatura-
tion (mean 0 8x 10-2 mmol/l of brain, SEM
0-7x l03) (fig 2). No association was demons-
trated between the change in total haemoglobin
and the degree of desaturation. Figure 3 shows
the results of a typical study on a baby of 30
weeks' gestation at age 5 weeks, during a period
of induced desaturation. A rapid rise in de-
oxygenated and fall in oxygenated haemoglobin
is seen as soon as the SaO2 starts to fall, and
both return to initial values as the saturation
recovers. Total haemoglobin concentration
shows a small increase with desaturation.

(B) BRADYCARDIA STUDY
The second group of babies were studied during
bradycardic episodes accompanied by a fall in
SaO2. In all cases there was a fall in total
haemoglobin immediately after the bradycardia
(mean (SEM) 14 (0-16)x 10-2 mmol/l of
brain) (fig 2). Again in all cases as the bradycar-
dia recovered to the original resting heart rate
the total haemoglobin concentration increased
up to the previous value. In nine cases total
haemoglobin continued to increase to a concen-
tration above the previous resting value after the
bradycardia had recovered (mean (SEM) 0-7
(0 07)x 10-2 mmol/l of brain) (fig 2).

Typical results from a baby studied during an
episode of bradycardia are shown in fig 4. In
this example total haemoglobin increased above
the initial value after recovery of the bradycar-
dia. The effects of multiple bradycardias in an
infant of 28 weeks' gestation are shown in fig 5.
The fluctuations in total haemoglobin and thus
cerebral blood volume can be seen to follow
closely the heart rate variation during these
episodes.
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Time (min)

Figure 3 The effects ofhypoxta on the concentratmns oftotal (HbT), deoxygenate
and oxygenated haemoglobin (HbO2) in a pretern infant of30 weeks' gestation. Ar
saturation gradually fallsfromn 94% at (A) to a lowest value of83% at (B), then rise
at (C).

A B

Figure 4 Changes in the concentrations oftotal (HbT), deoxygenated (HbR) and
oxygenated hanglobin (HbO2) in a preterm infant of27 weeks' gestation in respor
to bradycardia at (A). Heart ratefeUlfrom 144 bpm at (A) to 68 bpm at (B) with
prompt recovery; arterial saturation fellfrom 91% at (A) to 60% at (B).

A

c Cumulative data on all the babies studied,
indicating the change in total haemoglobin
occurring either during bradycardia and recov-
ery or during a saturation change, are shown in
fig 2. These demonstrate that though the degree
ofchange in total haemoglobin occurring during
bradycardias was greatest, the order of magni-
tude for these changes was similar for all
studies. In four cases the changes could not be
analysed because of movement artefact.

Discussion
These studies have demonstrated that in most
cases arterial desaturation of a moderate degree
is associated with an increase in cerebral total
haemoglobin, whereas bradycardia is associated

-20*1 with a fail in cerebral total haemoglobin, and in
20-1 some instances with an overshoot on recovery.

Direct comparisons of results from babies of
(HlbR) different gestation can raise some theoretical

esto93% difficulties. The interoptrode distance for the
babies studied was in the range 5-3 to 8 cm.
Although the current estimate of optical path-
length is approximately 4 5 times the interop-
trode distance, the use of this factor in babies of
different gestational ages and weights, as well as
the extent of variations in light scattering with
differing stages of cerebral development, is yet
to be fully evaluated.

Total haemoglobin concentration is related to
cerebral blood volume under circumstances
when haemoglobin and packed cell volume are
remaining relatively constant, as in these studies
over a fairly short time period. Thus changes in
total haemoglobin during such studies represent
changes in cerebral blood volume in association
with specific clinical situations.
The most striking finding is of the fall in

volume with bradycardia. In the neonate car-
diac output is very dependent on heart rate, so a
fall in heart rate would be expected to lead to a
fall in cardiac output, cerebral blood flow, and

1 1.9 thus cerebral blood volume.20 Due to the tech-
nical difficulties discussed earlier in studying
such parameters in babies, such expected
changes have been difficult to demonstrate.
Cooke et al, using jugular venous occlusion
plethysmography, demonstrated a fall in esti-
mated cerebral blood flow with fall in heart rate
followed by an increase to above the resting

100 % level in two babies.2' Some workers have sug-
gested that as mean arterial blood pressure
appeared to be maintained by a decrease in

80 % peripheral blood flow during apnoea and brady-
cardia, cerebral blood flow was likely to be
maintained also.22 In a study using Doppler
techniques to measure cerebral blood flow
velocity, however, both diastolic and systolic
blood flow velocity decreased with bradycardia

150 bpm of less than 80 beats per minute.23 The authors
suggested that these changes, which paralleled
similar changes in systemic blood pressure,
would support the concept of a pressure passive
cerebral circulation (that is, lack of autoregula-

-100bpm tion). These results are in accord with those
found in our studies using NIRS. It would

2 appear from these that cerebral blood volume is
ple closely related to heart rate at least during single

and multiple bradycardias.

v Time (min) 21.

Figure 5 Changes in total haeoglobin (HbT), heart rate, andSaO2 during multil
bradycardias beginning at (A), in an infant of28 weeks' gestation.
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Bradycardias and apnoeas in infants are
usually treated vigorously but are very common
in the premature baby. Although most respond
rapidly to appropriate treatment, there are some
babies who continue to have fairly frequent epi-
sodes. Such abnormalities of heart rate also
occur during ventilation-for example, with
suction, tube blockage, etc. Acute falls in cere-
bral blood volume, particularly if repeated, may
well be one mechanism leading to ischaemia in
areas at risk because of their immature blood
supply. This could result in cerebral in-
farction-that is, periventricular leukomalacia.

In some babies an overshoot in total haemog-
lobin and cerebral blood volume is seen after a
bradycardia. The reason for this is not clear.
Although no significant change in transcuta-
neous carbon dioxide measurement was
observed in those babies being monitored in this
way, a rise in arterial carbon dioxide tension as a
result of apnoea in association with the brady-
cardia could well lead to this phenomenon. It
may also represent reactive vasodilatation due to
hypoxia and acidosis induced by the bradycar-
dia and apnoea.24 Also of interest is the increase
in total haemoglobin seen in some cases with
desaturation. This may represent vasodilatation
in response to even mild hypoxia. These results
tend to suggest that the technique of using a
small change in SaO2 to calculate absolute cere-
bral blood volume, assuming that the latter does
not change during the manoeuvre,25 may be
inaccurate.

CONCLUSIONS
Cerebral circulatory instability and abnormali-
ties have been demonstrated in association with
common neonatal problems and give further
insight into the pathogenesis of ischaemic dam-
age. NIRS has been shown to be capable of
detecting such abnormalities non-invasively.

We thank the staff of the neonatal unit for their help and all the
parents who consented to these studies being carried out. This
work was supported by the North Staffordshire Medical Insti-
tute, West Midlands Regional Health Authority, and the Science
and Engineering Research Council.
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