
Britiik Mtdical Bullttm (1988) Vol. 44, No. 4, pp. 1052-1075

New non-invasive
methods for assessing
brain oxygenation and
haemodynamics

E O R Reynolds, J S Wyatt, D Azzopardi,
D T Delpy, E B Cady, M Cope, S Wray
Departments of Paediatrics, Medical Physics & Bioengineering, and Physiology,
University College and Middlesex School of Medicine, The Rayne Institute,
London

Hypoxic-ischaemic injury to the brain is the commonest
cause of permanent neurodevelopmental disability in very
preterm and other infants who survive after neonatal
intensive care.

Two new methods allow normal and abnormal oxidative
metabolism to be investigated non-invasively in brain
tissue. Magnetic resonance spectroscopy is used to
measure the concentrations of important phosphorus
compounds that are involved in energy metabolism—
adenosine triphosphate, phosphocreatine and inorganic
orthophosphate—and also to measure intracellular pH.
Normal developmental changes with gestation have been
defined and abnormalities indicating impaired oxidative
phosphorylation detected in a range of conditions of
suspected or proven hypoxic-ischaemic injury. Near
infrared spectroscopy provides continuous cot-side
information about cerebral oxygenation and
haemodynamics. Quantitative measurements can be made
of oxyhaemoglobin, deoxyhaemoglobin, oxidized
cytochrome aa3 and various haemodynamic indices.

These two complementary techniques are likely to prove
increasingly valuable for: monitoring brain-oxygenation and
haemodynamics in babies; investigating the mechanisms of
damage to the brain; assessing the results of treatment; and
assigning long-term prognosis.
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NON-INVASIVE INVESTIGATION OF THE BRAIN

Cerebral periventricular haemorrhage and hypoxic-ischaemic in-
jury are very common in infants born well before term.1 The
introduction of portable ultrasound apparatus for scanning the
brain repeatedly in the intensive care nursery has been followed by
the publication of a large number of studies of the prevalence,
pathogenesis and prognostic significance of these cerebral lesions.2

The initial studies concentrated on periventricular haemorrhage,
which was easy to visualize, even with early linear-array scanners,
and it soon became clear that the prevalence of haemorrhage
increased sharply with decreasing maturity, so that in infants born
before 28 weeks of gestation it was about 80%. More recently
attention has shifted towards the role of hypoxic-ischaemic brain
injury as a cause of death and long-term disability in very preterm
infants. This change of direction arose for two reasons. Firstly
follow-up studies of cohorts of infants whose brains had been
prospectively scanned with ultrasound showed that periventricu-
lar haemorrhage, though extremely common, was responsible for
disability only in a minority of disabled very preterm survivors:
the haemorrhages appeared innocuous, or almost so, unless they
led to post-haemorrhagic hydrocephalus or intraparenchymal hae-
morrhage (often due to venous infarction associated with dis-
rupted venous drainage.3) Secondly the improving quality of
ultrasound imaging, especially following the introduction of mod-
ern mechanical sector scanners has allowed hypoxic-ischaemic
injury to be diagnosed from the development of cystic periventri-
cular leucomalacia, or inferred from the presence of ventricular
dilatation in the absence of evidence of obstruction to the drainage
of cerebrospinal fluid.2'4"9 It is now clear that hypoxic-ischaemic
injury such as periventricular leucomalacia is a more frequent
cause than haemorrhage of permanent damage to the brain in
surviving very preterm infants.4"6'10 The presence of hypoxic-
ischaemic injury may be suspected before frank loss of brain tissue
occurs from the appearance of increased echodensities on ultra-
sound scan.2'7'8 However, studies in which the ultrasound-appear-
ance of the brain has been compared with autopsy findings show
that increased echodensities are poor indicators of hypoxic-ischae-
mic injury9—unless they are extremely obvious and persistent.7'8

It must be concluded that, unlike the situation for cerebral
haemorrhage, ultrasound scanning does not provide useful infor-
mation about early events in this type of injury.
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If periventricular leucomalacia and other forms of hypoxic-
ischaemic injury to the brain (such as birth asphyxia in term
infants) are to be rigorously investigated, new methods are re-
quired for identifying them as they occur, and for exploring the
mechanisms involved, particularly so that therapeutic interven-
tions can be tested objectively and the prognosis for the infants
determined. It was the realization that hypoxic-ischaemic brain
injury was the major cause of long-term neurodevelopmental
disability in very immature, and other, infants who survive after
intensive care that provided the impetus for the introduction of
new techniques for investigating this type of injury. The aim of
this review is to describe the use of two such techniques—mag-
netic resonance spectroscopy and near infrared spectroscopy—
which show great promise, particularly when used in combination.

MAGNETIC RESONANCE SPECTROSCOPY

Background and theory

Magnetic resonance spectroscopy has been used for many years in
analytical chemistry, but has only recently become applicable to
studies of animals and human subjects.11 This development
depended on the production of the large, usually superconducting,
magnets that are necessary for the provision of a sufficiently strong
uniform magnetic field. The principle of the technique depends on
the tendency of certain atomic nuclei, notably phosphorus (31P),
hydrogen (!H), an isotope of carbon with 1.1% abundance (13C),
sodium (23Na) and fluorine (19F), to line up along a magnetic field.
This alignment can be disturbed by applying a suitable radio-
frequency pulse at right angles to the field. When the pulse ceases,
the nuclei return to their previous alignment and in so doing
generate a magnetic resonance signal which can be detected. The
exact frequency of the signal depends on the chemical compound
in which the nuclei reside, and the signal-intensity is proportional
to concentration. In practice, the part of the body to be examined
is placed within the horizontal bore of the magnet, and a succes-
sion of radiofrequency pulses is transmitted by a surface coil,
which also aas as an aerial to detert the magnetic resonance signals
returning from the tissue. These signals are summed and pro-
cessed by Fourier transformation to generate a spectrum.

The technique is particularly suited to the investigation of
hypoxic-ischaemic injury because it can be used to measure, non-



BRAIN OXYGENATION AND HAEMODYNAMICS 1 0 5 5

invasively in brain tissue, the relative intracellular concentrations
of phosphorus metabolites that are important in energy metab-
olism, notably adenosine triphosphate (ATP), phosphocreatine
(PCr) and inorganic orthophosphate (Pi). Intracellular pH (pH,)
can also be estimated. ATP is the major energy source for the
metabolism of the body and is dependent for its synthesis on the
processes of oxidative phosphorylation and glycolysis. In con-
ditions of inadequate oxygen supply or when the mechanisms
involved in the utilization of oxygen are disrupted, the concentra-
tion of ATP will tend to fall. This tendency is however, counter-
acted by the creatine kinase reaction (Fig. 1). Because of the very
high equilibrium constant of this reaction, phosphocreatine acts as
a buffer for ATP, so that any impairment of oxidative phosphor-
ylation will result initially in a fall in the concentration of PCr and
an approximately equal rise in that of Pi, in other words a fall in
the ratio of PCr to Pi. This ratio is a sensitive indicator of the
efficacy of oxidative phosphorylation, because it is related directly
to the phosphorylation potential [ATP]/([ADP][Pi]) and to the free
energy change of hydrolysis of ATP. Only when PCr/Pi has fallen
to a low level will the concentration of ATP begin to fall.

Oxldatlv* phosphorylatlon,

glycolysls

I
ATP

ADP

Fig. 1 Creatine kinase reaction. Any tendency for the concentration of adenosine
triphosphate (ATP) to fall due to inadequate oxidative phosphorylation is buffered
by the creatine kinase reaction. The net effect is a fall in the concentration of
phosphocreatine (PCr) and a rise in that of inorganic phosphate (Pi).
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Equipment and methods for studying the brain in
newborn infants

We have used an Oxford Research Systems TMR 32-200 spectro-
meter operating at a field strength of 1.89 T. The diameter of the
bore of the magnet was initially 20 cm and more recently 27 cm.
For transporting and studying infants safely in a strong magnetic
field, a special transport system is necessary, especially since
ferromagnetic metal cannot, for reasons of safety, be allowed
within 3 m of the magnet.l2 The system is based on a transport
incubator with the baby carried in a perspex cylinder mounted on
the top. This cylinder can be detached and inserted within the
bore of the magnet while monitoring and mechanical ventilation, if
necessary, are continued. Inside the cylinder, the baby's head lies
on a surface coil 5 cm or 7.4 cm in diameter, which transmits the
exciting radiofrequency pulses into the brain and also receives the
returning magnetic resonance signals. The baby's head is pos-
itioned so that signals are obtained from the adjacent cerebral
hemisphere, mainly from the temporoparietal cortex.13 The sur-
face coil can be tuned to the resonance frequencies of both 31P
(32.5 MHz) and 'H (80.3 MHz). The 31P spectra are usually
obtained by Fourier transformation of 256 summed free induction
decays following radiofrequency pulses repeated at intervals of
2.256 s. The pulse length is chosen to produce a flip angle of 90° at
the centre of the coil. The effects of saturation (atomic nuclei not
returning fully to their resting state between pulses) caused by the
rapid pulse repetition rate have been measured for each metabolite
and correction factors derived, so that the values for the gated
spectral peak areas can be corrected and made proportional to
concentration.1415 The resonance frequency of the Pi peak
changes with pH,, which can therefore be calculated from the
difference in frequency between the PCr and Pi peaks, using a
version of the Henderson-Hasselbach equation.16

Studies have been performed at University College Hospital on
over 180 infants, often on several occasions, usually because of
suspicion of hypoxic-ischaemic brain injury, but also including
normal infants.1417"21 Similar studies have been done in Philadel-
phia.22'23 Few data are available so far from infants born at less
than 28 weeks of gestation, but it is nevertheless possible to draw
inferences about maturational events in the brain, and about the
general effects of hypoxic-ischaemic injury on the 31P metabolites
and pHj, which are not likely to differ greatly with maturity.
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Normal changes with brain maturation

Figure 2 shows 31P spectra from two healthy infants without
evidence of cerebral abnormalities, one born at 28 weeks of
gestation (A) and the other born at term (B). Seven spectral peaks
can be seen which are attributable, from left to right, to phospho-
monoesters, Pi, phosphodiesters, PCr, and the y, a and P 31P
nuclei of nucleotide triphosphates, mainly ATP.'1 The y and a
peaks include uridetectably small contributions from adenosine
diphosphate (ADP) and the a peak, a contribution from nicotin-
amide adenine dinucleotide (NAD). The PCr and Pi peaks are of
particular importance for the consideration of oxidative metab-
olism, for reasons that have been given above. In the immature
infant, the area of the PCr peak appears relatively smaller, and that
of the Pi peak larger, than in the term one. Data from 30 normal
preterm and term infants, born between 24 and 42 weeks of
gestation and studied at a median age of 5 days after birth show
that PCr/Pi increases in a systematic way with gestation (Fig. 3).13

It appears, therefore, that the phosphorylation potential of brain
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Fig. 2 3 IP spectra from two infants with normal brains.
A: Bom at 28 weeks' gestation and studied 7 days after birth; PCr/Pi = 0.80.
B: Born at 40 weeks' gestation and studied aged one day; PCr/Pi= 1.27.
For peak-assignments, see text.
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Fig. 3 Relation between PCr/Pi and gestational plus postnatal age in 30 infants
with normal brains. The regression line and 95% confidence limits are shown.

tissue increases with maturation of the brain. Data for this and
other metabolite concentration ratios are given in Table 1; the
demonstration that PCr/total P (total phosphorus signal) and
PCr/ATP increase, and Pi/total P and Pi/ATP fall with matura-
tion are consistent with this view. Data from newborn animals
show similar changes.24 By comparison, the newborn human
infant seems, in terms of phosphorus energetics, to be at about the
same stage of maturation as other altricial animals such as the
newborn rat but less so than the guinea pig or lamb2425 which are
precocious. Table 1 also gives changes in other metabolite ratios.
The prominent phosphomonoester (PME) peak has been shown
by chemical analysis of the brain in the newborn of several animal
species to be almost entirely attributable to phosphoethanolam-
ine,26 so it must be assumed that the same is true of the newborn
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Table 1 Changes in phosphorus metabolite concentration ratios and intraccllular
pH with gestational plus postnatal age in 30 infants with normal brains15

PCr/Pi
ATP/total P
PCr/total P
Pi/total P
PME/total P
PDE/total P

PCr/ATP
Pi/ATP
PME/ATP
PDE/ATP

pH,

28 wk

0.85 ±0.33
0.09 ±0.03
0.09 ±0.02
0.10±0.02
0.32±0.04
0.19±0.04
0.97±0.42
1.13±0.50
3.49+1.23
2.11±1.03
7.13±0.39

42 wk

1.18±0.33
0.10 + 0.03
0.11±0.02
0.09 + 0.02
0.26 ±0.04
0.22±0.04

1.09 ±0.42
0.95 ±0.50
2.79 ±1.25
2.34 ±1.05

7.13±0.40

r

0.58
0.19
0.56

-0.40
-0.68

0.47
0.20

-0.25
-0.37

0.15
0.00

P

<0.001
ns

<0.01
<0.05
<0.001
<0.01

ns
ns

<0.05
ns

ns

Mean valuei ±95% confidence Lmuti from the regresuon lines ire given.
PCr - phoipbocrcatme, Pi-inorganic orthophemphate, ATP - »denosiiie tnphosphate, total P - total

phosphorus, PME — photphomonoeiter, PDE = phosphodiester, pH, - in trace lluUr pH

human infant. Phosphoethanolamine is a major precursor of
phospholipid in membranes and myelin. PME/total P and
PME/ATP fall with maturation of the brain (see table) and it is
known that the PME peak is small in spectra from the brains of
adult animals and human subjects.24'27"29 At the same time as the
reduction in PME, phosphodiester (PDE)/total P and PDE/ATP
increase. The PDE peak is due mainly to phosphatidylethanolam-
ine and phosphatidylcholine, which are important constituents of
membranes and myelin.30 The fall in PME and rise in PDE with
maturity have also been found in newborn animals and appear to
reflect myelination and die proliferation of membranes.24 Widi
current developments in MRS, it will shortly be possible to
provide data for absolute rather than relative concentrations of
metabolites in brain and other tissue.31'32

Small-for-gestational-age (SGA) infants

SGA infants are at increased risk of neurodevelopmental disabili-
ties. In one study, several such infants were found to have
evidence of impaired oxidative phosphorylation (low PCr/Pi
ratios) in brain tissue in association with increased cerebral
echodensities.19 To find out whether SGA babies had intrinsic
abnormalities of 31P spectra indicating abnormal energy metab-
olism, or defective cell synthesis or myelination (as judged from
metabolite ratios) a group of 13 babies with birthweights below the
3rd centile for gestation was studied.15 Their gestational ages
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ranged from 28 to 40 weeks (median 34 weeks) and birthweights
from 780-2532 g (median 1405 g). The infants were selected
because, apart from being SGA, they appeared completely normal
as indicated by their clinical features and cranial ultrasound scans.
No evidence was found of any difference in metabolite ratios or
pHj between the SGA infants and appropriately grown infants.
Derangements of 31P spectra previously found in SGA babies
were thought likely, therefore, to have been due to superimposed
perinatal events, rather than any intrinsic cerebral abnormality.

Hypoxic-ischaemic brain injury

The 31P spectra have been found to show similar abnormalities in
a variety of situations associated with hypoxic-ischaemic injury,
for example following birth asphyxia, during the progression of
periventricular leucomalacia and other forms of cerebral infarc-
tion, and in the presence of intraparenchymal periventricular
haemorrhage (Figs 4, 5). The evolution of the abnormalities has
been investigated more thoroughly following birth asphyxia than
in the other conditions, because birth-asphyxiated infants are
often born at term and can be studied repeatedly, whereas this is
not possible in small preterm infants.

Birth asphyxia

The evolution of the changes in the 31P spectra following birth
asphyxia has been illustrated elsewhere.14'20 It has been found
that the spectra are often normal in the first hours of life. A
progressive fall in PCr/Pi then takes place, to a minimum value at
about 3 days of age. In the worst-affected babies, when PCr/Pi is
very low, ATP/total P then also falls and death is likely to ensue.
In surviving infants, PCr/Pi recovers to normal by about two
weeks, though the total phosphorus signal may by then be
reduced, due to loss of brain tissue. Intracellular pH is often
elevated when PCr/Pi is low. The mechanisms responsible for this
progression of events are by no means clear. In the newborn
lamb25 (as in adults of various species)2829 a severe acute hypoxic-
ischaemic episode, analogous to an episode of birth asphyxia,
causes immediate changes in the 31P spectra—first a fall in PCr/Pi
and then in ATP/total P, as expected from consideration of the
creatine kinase reaction (Fig. 1). At the same time, pHj falls to a
very low level, due to the production of lactic acid. When cerebral
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Fig. 4 31P spectra from two infants with severe brain injury.
A: Bom at 25 weeks' gestation and studied aged 3 days (right hemisphere).

Bilateral intraventricular haemorrhages and haemorrhagic parenchymal echo-
densities were present. PCr/Pi = 0.22. Died aged 7 days.

B: Born at 27 weeks' gestation and studied aged 8 days (left hemisphere). He had
suffered an extremely severe asphyxial episode aged 5 days. Bilateral intraven-
tricular haemorrhages and diffusely increased parenchymal echodensities were
present. PCr and ATP were virtually absent. Died aged 11 days.

oxygenation is restored all the abnormalities can revert to normal
within about one hour.25 It must be assumed that severely birth-
asphyxiated babies, when studied during the first hours of life
have been through this phase of acute (or primary) energy failure
and are often in a state of apparently normal oxidative phosphoryl-
ation—possibly due partly to reduced demands for energy associ-
ated with cerebral depression. The subsequent development of
'secondary' energy failure is a well-recognized phenomenon of
cerebral pathophysiology which is attributable to various impre-
cisely defined influences associated with reperfusion and reoxy-
genation of the tissue.33'34 Which influences are the most
important are unknown. Damage to the mitochondrial respira-
tory electron chain is very likely, following the abnormal entry
of calcium ions into the cells, the generation of free radicals and



1 0 6 2 THE VERY IMMATURE INFANT

A B

ppm
Fig. 5 31P spectra from the left (A) and right (B) hemispheres of a baby with
infarction of the left hemisphere. He was born at 26 weeks' gestation and studied
aged 6 days. Diffusely increased echodensities were present on the left.

The spectrum from the right hemisphere is normal; PCr/Pi 0.93. On the left,
PCr/Pi = 0.40, and the total 31P signal is reduced indicating death of cells.

He survived with a large left-sided porencephalic cyst.

the toxic effects of excitatory neurotransmitters.33 35 Inadequate
oxygen supply to the tissue because of capillary stasis and progres-
sive cerebral oedema also probably plays a part. The increase in
pH, above normal may be due to abnormalities of sodium-
hydrogen exchange. Further information about these mechanisms
is urgently required, so that the effects of rationally based early
treatment can be tested. Several investigations by MRS of the
effects of an acute reduction in cerebral oxygenation,25 and of
manipulations of arterial carbon dioxide tension in newborn
experimental animals, have been reported,36 and the results of
systemic glucose and bicarbonate administration during or imme-
diately after a hypoxic-ischaemic episode have been docu-
mented.37 These studies provide valuable information about brain
buffering capacity, glucose consumption and lactate production in
response to an acute hypoxic-ischaemic insult. They also show
that lactate (measured by 'H MRS) may persist in brain tissue
after the phosphorus spectra and pH, have returned to nor-
mal.25
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Periventricular leucomalacia and other
forms of infarction

Periventricular leucomalacia is infarction of the periventricular
region of the brain in preterm infants following a hypoxic-
ischaemic episode. The localization of the lesion to the periven-
tricular tissue is probably due to the poorly developed blood
supply to this region of the immature brain, which therefore
sustains damage before other regions.1 Periventricular leucomala-
cia may progress to cystic lesions or passive ventricular dilatation
and is an extremely important cause of permanent neurodevelop-
mental disability, notably spastic diplegia. The timing of the initial
injury is difficult to define precisely but appears usually to be in
the peripartum period, sometimes initiated before delivery and
sometimes afterwards. It is quite possible that damage to the
periventricular region in very immature ill. infants is cumulative,
due to repeated episodes of hypotension and hypoxaemia.

Periventricular leucomalacia and other forms of infarction may
be suspected before cysts or ventricular dilatation develop, be-
cause of the appearance on ultrasound scans of increased periven-
tricular echodensities. However, as indicated earlier, the presence
of increased echodensities of this type is not accurately diagnostic.
A study with MRS has therefore been done of 27 infants with
increased echodensities suggestive of periventricular leucomalacia,
as well as of other forms of hypoxic-ischaemic injury—such as
middle cerebral artery infarction and birth asphyxia.19 The aim
was to see if evidence of impaired energy metabolism could be
found, and if so whether the severity of the impairment was related
to subsequent death or loss of brain tissue (cysts or generalized
loss) as assessed by ultrasound scans. Fifteen of the 27 infants had
PCr/Pi ratios below normal 95% confidence limits, indicating
impaired oxidative metabolism. Nine of these 15 died and in all 6
survivors loss of brain tissue developed. By contrast, all 12 infants
whose ratios remained within the normal range survived, although
loss of brain tissue developed in 3 infants with ratios towards the
lower limit of normal. It was concluded that when impaired
metabolism was detected in infants with increased echodensities
the immediate prognosis was very bad.

Abnormal 31P spectra associated with periventricular leuco-
malacia have been illustrated previously.919 Figures 4 and 5 show
abnormalities in other forms of hypoxic-ischaemic injury. The
progression of the abnormalities in different types of injury
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appears similar. In situations where the eventual outcome is loss of
brain tissue, the total 31P signal becomes reduced17 (Fig. 5).

Neurodevelopmental prognosis

The MRS data have been found to provide prognostic information
for neurodevelopmental outcome at one year of age.21 More recently
the brains of 43 infants born at 31 -42 weeks of gestation were studied
who were known or suspected on various grounds to have suffered
hypoxic-ischaemic brain injury. (Ref. 38 and unpublished observa-
tions). The surviving infants were examined by independent ob-
servers. All 8 infants whose ATP/total P values fell below 95%
confidence limits died. Of the 21 infants whose PCr/Pi values fell
below 95% confidence limits, 14 died and 6 of the 7 survivors had
disabling neurodevelopmental impairments. Only one of the 22
infants with a normal value for PCr/Pi died, and although 5 of the 21
survivors had impairments, these were less serious.

The data from this study and from the study of infants with
increased echodensities cited above demonstrate that when severe
failure of oxidative phosphorylation following a hypoxic-ischae-
mic insult is found, death ensues. Less severe, or localized, failure
often leads to loss of brain tissue in survivors and is associated with
a very high risk of neurodevelopmental disability.

NEAR INFRARED SPECTROSCOPY (NIRS)

NIRS provides continuous cotside information about a wide range
of indices of cerebral oxygenation and haemodynamics. The
technique therefore shows great promise for the monitoring of ill
babies, and it is complementary to MRS in exploring the mechan-
isms of impaired oxidative phosphorylation.

Background and theory

Spectral analysis of transmitted or reflected visible light is a well-
established method for measuring various indices of oxygenation
in blood or tissue. However, visible light penetrates tissue very
poorly, and information about oxygenation deep inside organs
such as the brain cannot be obtained. In 1977 Jobsis showed that if
near infrared light with a wavelength of 700-1000 ran was used
instead of visible light, penetration of tissue was much greater and
spectral measurements could be made across the heads of small
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animals.39 At near infrared wavelengths, absorption can be de-
tected due to oxyhaemoglobin (HbO2), deoxyhaemoglobin (Hb)
and the oxidized form of cytochrome aa3, the terminal enzyme of
the mitochondrial respiratory electron transport chain, which
passes electrons to molecular oxygen. The oxidative (redox) state
of this enzyme is an index of intracellular oxygen availability.

Apart from its potential value in enabling brain oxygenatdon in
ill babies to be monitored and regulated, data obtained by the
combined use of MRS and NIRS may help elucidate some of the
mechanisms of brain damage following a hypoxic-ischaemic epi-
sode. Measurements of HbO2 and Hb in brain tissue give data
about the circulating supply of oxygen, and measurement of
oxidized cytochrome aa3, about the intracellular availability of
oxygen to fuel oxidative phosphorylation. Figure 6 is a very
simplified diagram summarizing oxidative phosphorylation. It
shows that as a result of the activity of the citric acid cycle,
substrate is consumed, and carbon dioxide and electrons are
generated. The electrons pass down the respiratory chain, causing
protons to be pumped out of the mitochondrial matrix, thereby
generating a membrane potential. ATP is synthesized from ADP
and Pi when the protons flow back to the matrix through a channel
in an ATP-synthesizing complex (mitochondrial ATP-ase). At the
end of the chain the electrons reduce cytochrome aa3, which
becomes reoxidized when they combine with molecular oxygen:

This reaction accounts for nearly all of the oxygen uptake of the
body.

substrate

3ADP + 3Pi 3 ATP

acetyl CoA
\

CoA

Oxidative phosphorylation

Fig. 6 Simplified diagram to illustrate oxidative phosphorylation. For explanation,
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Inadequate oxidative phosphorylation leads first to a fall in the
PCr/Pi ratio and then in ATP concentration, as described above.
The inadequacy could be due to several different mechanisms
which can be investigated by observing the coexisting changes in
haemoglobin and cytochrome aa3 oxygenation. For example, if
insufficient oxygen supply to tissue was to blame, deoxygenation
of haemoglobin and reduction of cytochrome aa3 would be ex-
pected, whereas failure of electron transport due to lack of
substrate or to mitochondrial disruption would cause cytochrome
aa3 to become highly oxidized.

Equipment and methods for studying the brain
in newborn infants

Fluctuations in signals from haemoglobin and oxidized cyto-
chrome aa3 have previously been detected from the brains of
newborn infants during hypoxaemic episodes40 and transient
elevations of blood pressure,41 but until very recently quantitation
of the data has not been possible.42

For quantitation certain variables must be defined. In particu-
lar, the spectral absorption properties of the compounds being
investigated, and the optical path length (represented by the
average distance travelled by photons through the tissue), must be
known.

The Beer-Lambert law describing optical absorption in a scat-
tering medium can be expressed as:

absorption (in optical densities) = acLB

where a is the absorption coefficient (mM~' cm"1), c is concentra-
tion (mM), L is the distance between the points where light enters
and leaves the tissue (cm), and B is a 'path length factor' which
takes account the scattering of light in the tissue (which causes the
optical path length to be greater than L). If a, L and B are known,
then changes in absorption are directly proportional to changes in
concentration.

Because of uncertainty about the absorption spectrum of oxi-
dized cytochrome aa3 in vivo, observations have been made across
the heads of rats exchange-transfused with a fluorocarbon blood-
substitute, thus removing the signals from haemoglobin.43 These
observations allowed the absorption difference between oxidized
and reduced cytochrome aa3 to be defined and, together with in
vitro data for the absorption spectra of HbO2 and Hb provide
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information for obtaining the necessary values of a. Measurements
of optical path length across the head have only recently been
made. In initial studies of babies, a path length factor (B) of l42-44

or 245 was assumed, but recent studies, including those in which
the time taken for near infrared light to traverse the head of the rat
was measured in picoseconds, suggest a value for B of between 4
and 5.43'46'47

Since more than one light-absorbing compound is present in the
tissue, several NIR wavelengths must be transmitted and an
algorithm is required to convert changes in optical absorption to
changes in concentration. The observations described above have
enabled a suitable algorithm to be devised.

For current studies, three wavelengths 778, 813 and 867 nm,
are employed and the factors for converting changes in optical
density at these wavelengths to changes in concentration are
given in Table 2. Concentration changes in HbO2, Hb and oxi-
dized cytochrome aa3 are calculated by summation of absorption
changes (measured in optical densities) multiplied by the appro-
priate factors. The values obtained are expressed in mM I"1

cm"1 of path length. If a value for tissue density in the light path
of 1.05 is assumed, the data can be converted to mM-100 g"1.

To study the brains of newborn infants, portable apparatus
has been designed and built.42'48 Near infrared light at the three
wavelengths is emitted from laser diodes and directed into the
head through a fibre-optic bundle positioned at a site equidis-
tant from the anterior fontanelle and the external auditory
meatus. Light emerging from the opposite side of the head is
conveyed through another fibre-optic bundle to a photomulti-
plier tube operating in photon-counting mode. The ends of the
fibres (optodes) are fixed to the scalp with adhesive rings, and
optical contact is ensured by means of standard ultrasound
contact gel. Background light is excluded by an opaque bonnet.

Table 2 The factors for converting changes
867 nm to changes in concentration

Compound

HbO2
Hb
Oxidized cytochrome aa3

Multiplying

778 nm

0.32
2.40

-0.77

in optical density

factor

813 nm

-2.31
-2.67

2.28

at 778, 813 and

867 nm

2.89
0.66

-1.30
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The total light energy emitted by the laser diodes is about half
that of a standard cold-light source, and the amount of energy
absorbed by brain tissue is several orders of magnitude below
British Standards Institute safety limits (BS 4803).

~ 0.61
Ta>
o
o
Z 0.4o

© 0.2
oo
cd

! o
o
*^
to

£ -0.2
<D
O

O

° -0.4

B

a b

10 15
minutes



BRAIN OXYGENATION AND HAEMODYNAMICS 1069

Fig. 7 Changes in the cerebral concentrations of HbO2 ( ), Hb (—) and
oxidized cytochrome aa3 ( ) in two infants with normal brains, bom at 27
weeks' gestation and studied aged one day (A and B), and at 25 weeks and studied
aged 70 days (C).
Changes are shown during:
A: Alterations in S,o2, which was 96% at a and c, and 84% at b.
B: Alterations in P,co2 which was 4.6 kPa at a and 5.7 kPa at b.
C: Head up tilting by 10° at a and c; and back to level at b and d.

Figure 7 shows changes in the concentrations of HbO2, Hb and
oxidized cytochrome aa3 in response to small alterations in arterial
oxygen saturation (5,o2) and carbon dioxide tension (P,co2), and
to head-up tilting.

Quantitation of haemodynamic variables

NIRS primarily provides information about changes in the
concentration of light-absorbing compounds in the brain as
shown in Figure 7. In addition, absolute values for a number
of important haemodynamic variables can be estimated, if the
results of various manoeuvres are observed.42|44>45'49 For exam-
ple, total cerebral haemoglobin concentration (tHb) in
mM-lOOg"1 of tissue can be derived from the alterations in the
concentration difference [HbO2] — [Hb] which occur during a
small transient change in Sao2. Provided cerebral blood flow
and oxygen consumption remain constant during this change,
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[HbO2]-[Hb] will vary linearly with S,o2
42'49 and tHb can be

estimated from the expression:

tHb = A([HbO2] - [Hb]) x 0.5/A(S.o2)

Cerebral blood volume in ml-lOOg"1 of tissue can then be
obtained if a value for mean cerebral haematocrit is estimated.

It has also been suggested that an estimate of mixed cerebral
venous saturation (Svo2) can be made from observing the results of
a small head-up or head-down tilt (Fig. 7c).42 The skull of a
newborn, particularly preterm, infant is much more compliant
than later in life; hence the acute alterations in the cerebral
concentrations of HbO2 and Hb which result from a tilt may
reasonably be assumed to be due initially to changes in die size of
die intracranial venous compartment. 5'VO2 can then be calculated
from the formula:

5vo2 = A[HbO2]/A([HbO2] + [Hb])

In the near future it is likely that mediods will be described for
quantitating a number of other important variables, notably
cerebral blood flow and cerebral arterial saturation.

Results in newborn infants

Quantitative results from NIRS of the brain in infants are so far
scanty.42'44'45'49 A number of tentative inferences may however
be drawn from the available information. For example, the cere-
bral blood volume was 2.3 (SD±0.3)mM00g"1 in 8 babies born
at 27-43 weeks of gestation who were thought to have normal
brains. By contrast, it was significantly elevated, 4.4 (SD±1.0)
ml• 100 g~', when studied in 9 infants 24—42 hours after they had
sustained brain injury—hypoxic-ischaemic in 7, and associated
with cerebral haemorrhage in 2.45 (It should be noted that the
technique used does not measure blood-clot as part of the cerebral
blood volume.) The response of the cerebral blood volume to
small alterations in Paco2 was investigated in these same infants.
The change in blood volume ranged from 0.2 to 0.8 ml-100 g"1.
kPa ~' in infants with normal brains, widi evidence of reduced
sensitivity to changes in P0co2 in the least mature ones. Infants
with brain injury showed a significant decrease in response to
changes in P,co2. These preliminary findings suggest that fixed
vasodilatation of the cerebral circulation and reduction of the
responses to changes in PMco2 are common following brain injury.
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This situation has been found to precede and be associated with
the development of secondary energy failure, as detected by MRS
and discussed above. The combined use of MRS and NIRS in
experimental animals is beginning to provide further information
about this sequence of events.50

Alterations in cytochrome aa3 oxidation have been quantified
during transient alterations in Smo2 and Poco2.4243 Changes in the
oxidation-state of the enzyme appear to follow those of haemo-
globin (Fig. 7) demonstrating the relation between haemoglobin
saturation and intracellular oxygen availability.

Repeated observations in five infants with convulsions have
shown a fall in cerebral HbO2 concentration during the fit,
together with a rise in that of Hb and a significant increase in
cerebral blood volume.44 At the same time cytochrome aa3 became
less oxidized—except in one infant who was muscle-relaxed and
showed increased haemoglobin oxygenation and cytochrome oxi-
dation during paroxysmal electrical activity.

These findings all require confirmation in larger studies.

SUMMARY AND CONCLUSIONS

Very preterm infants and other infants who require intensive care
are at considerable risk of death or long-term neurodevelopmental
disability. Non-invasive methods have therefore been sought for
assessing the structure and function of the brain in the immediate
newborn period. The availability of these methods allows the
prevalence and mechanisms of potentially brain-damaging influ-
ences to be explored, preventive strategies and treatment to be
tested and the prognosis for the infants to be assigned. Several
methods have proved their worth: for example, ultrasound imag-
ing, electroencephalography, including the testing of evoked po-
tentials, and Doppler ultrasonography for measuring flow-velocity
in intracerebral vessels.

Ultrasound-imaging is particularly valuable for investigating
cerebral haemorrhage in very preterm infants, but is of little use
for elucidating the early events of hypoxic-ischaemic brain injury,
which is a more important cause than haemorrhage of long-term
disability in very preterm and other infants who survive after
intensive care. Furthermore, recent evidence suggests that lesser
degrees of injury may go unrecognized by current techniques and
could account for some of the subtle neurodevelopmental abnor-
malities that are found at school age in surviving infants. Non-
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invasive methods have therefore been introduced for studying
hypoxic-ischaemic injury. The purpose of this review has been to
discuss two new methods, magnetic resonance spectroscopy and
near infrared spectroscopy.

Magnetic resonance spectroscopy is used to investigate phos-
phorus energy metabolism and intracellular pH. Clear evidence of
deranged energy metabolism has been found in a range of condi-
tions of hypoxic-ischaemic injury. A latent period of many hours
often follows acute injury before energy failure develops, suggest-
ing the possibility of effective early treatment. Abnormalities of
oxidative phosphorylation are predictive of a very poor prognosis
for normal survival. Many new developments in magnetic reson-
ance spectroscopy are imminent, particularly employing proton
('H) spectroscopy which will enable a wide range of metabolites,
including neurotransmitters, to be measured. The combination of
magnetic resonance spectroscopy with imaging will allow quanti-
fiable data to be obtained from small selected volumes within the
brain, and measurements of blood and cerebrospinal fluid flow are
becoming possible.

Near infrared spectroscopy provides continuous information
about cerebral oxygenation and haemodynamics at the cotside.
Quantitative measurements of oxyhaemoglobin, deoxyhaemoglo-
bin and oxidized cytochrome aa3 can be made, and a range of
haemodynamic indices can be derived. The technique is already
beginning to provide information about the haemodynamic events
occurring in the brain after a hypoxic-ischaemic insult and before
overt energy failure develops, both in newborn infants and experi-
mental animals. It is likely eventually to go into routine use for
monitoring brain oxygenation in ill babies and guiding therapy.
Imaging of brain-oxygenation at the cotside will in the future
probably be feasible.

The deployment of non-invasive techniques for examining the
brains of very preterm and other ill infants looked after in neonatal
intensive care units provides the best hope for achieving the major
aim of intensive care, namely to ensure the maximum chances of
survival for potentially normal children, but at minimum risk of
salvaging hopelessly disabled ones.
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