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ABSTRACT

OBJECTIVE. The absence of cerebral autoregulation in preterm infants has been associ-
ated with adverse outcome, but its bedside assessment in the immature brain is
problematic. We used spatially resolved spectroscopy to continuously measure cere-
bral oxygen saturation (expressed as a tissue-oxygenation index) and used the
correlation of tissue-oxygenation index with spontaneous fluctuations in mean
arterial blood pressure to assess cerebral autoregulation.

PATIENTS AND METHODS. The tissue-oxygenation index and mean arterial blood pressure
were continuously measured in very premature infants (n � 24) of mean (�SD)
gestational age of 26 (�2.3) weeks at a mean postnatal age of 28 (�22) hours. The
correlation between mean arterial blood pressure and tissue-oxygenation index in
the frequency domain was assessed by using cross-spectral analysis techniques
(coherence and transfer-function gain). Values of coherence reflect the strength of
linear correlation, whereas transfer-function gain reflects the amplitude of tissue-
oxygenation index changes relative to mean arterial blood pressure changes.

RESULTS.High coherence (coherence � 0.5) values were found in 9 infants who were
of lower gestational age, lower birth weight, and lower mean arterial blood pressure
than infants with coherence of �0.5; high-coherence infants also had higher median
Clinical Risk Index for Babies scores and a higher rate of neonatal deaths. Coherence
of �0.5 predicted mortality with a positive predictive value of 67% and negative
predictive value of 100%. In multifactorial analysis, coherence alone was the best
predictor of mortality and Clinical Risk Index for Babies score alone was the best
predictor of coherence.

CONCLUSIONS.High coherence between mean arterial blood pressure and tissue-oxy-
genation index indicates impaired cerebral autoregulation in clinically sick preterm
infants and is strongly associated with subsequent mortality. Cross-spectral analysis
of mean arterial blood pressure and tissue-oxygenation index has the potential to
provide continuous bedside assessment of cerebral autoregulation and to guide
therapeutic interventions.

CEREBRAL AUTOREGULATION LIMITS cerebral blood flow (CBF) variation over a range of cerebral perfusion
pressures1 and is a key physiologic mechanism for ensuring adequate perfusion and oxygenation of the brain.

In the preterm brain, however, the presence and the characteristics of cerebral autoregulation are still poorly
characterized despite intensive study. A number of studies have suggested that cerebral autoregulation is lost in sick
preterm infants, predisposing them to hemorrhagic and ischemic cerebral injury.2–4 However, autoregulation may be
absent not only in sick preterm infants but also in those who are clinically well.5,6 On the other hand, there is
evidence that CBF is independent of mean arterial blood pressure (MAP) over a wide pressure range in preterm
infants, suggesting that autoregulation may actually be effective in the immature brain.7,8

Because autoregulation is a dynamic process,2,9 new approaches to assessing cerebral perfusion and oxygenation
continuously in the preterm brain are needed, if the uncertainty surrounding autoregulation is to be resolved.
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Conventional near-infrared spectroscopy (NIRS) is able
to quantify relative changes in hemoglobin concentra-
tions but is limited to intermittent absolute measure-
ments of cerebral hemodynamics10,11 and oxygenation.12

Spatially resolved spectroscopy (SRS), a recent develop-
ment of NIRS, provides a continuous, quantitative
measurement of cerebral oxygenation expressed as a
tissue-oxygenation index (TOI).13,14 TOI, the ratio of oxy-
hemoglobin to total hemoglobin, reflects oxygen satura-
tion in all of the vascular compartments but is most
influenced by the venous compartment, which repre-
sents �75% of total cerebral blood volume.15 Assuming
constant cerebral metabolic rate for oxygen, changes in
cerebral venous oxygen saturation and, therefore,
changes in TOI will parallel variations of CBF according
to the Fick principle. Should autoregulation fail, changes
in CBF will follow changes in MAP, and, hence, TOI as a
surrogate for CBF should also parallel MAP.

In this study, we exploited spontaneous variations in
MAP and TOI to assess cerebral autoregulation in very
preterm infants. We aimed to use cross-spectral analyses
(coherence and transfer function analyses) to quantify
the frequency-dependent covariation of MAP and TOI as
a means of assessing autoregulation. We hypothesized
that high values of the coherence and transfer functions,
reflecting impaired autoregulation, would be related to
adverse clinical indices in sick preterm infants.

METHODS

Patient Population
A cohort of extremely preterm infants with gestational
ages of �32 weeks and with indwelling arterial catheters
was studied in the NICU at University College London
Hospital. Infants with major congenital anomalies were
excluded. The study had ethical approval from Joint
University College London/University College London
Hospital Committees on the Ethics of Human Research.
Written, informed parental consent was obtained before
each study. Twenty-four infants (15 male and 9 female)
born at mean (�SD) gestational age of 26 (�2.3) weeks,
with mean birth weight of 815 (�253) g, were studied at
mean postnatal age of 28 (�22) hours. All of the infants
were intubated and receiving mechanical ventilation
during the study period. The Clinical Risk Index for
Babies (CRIB) was calculated on the basis of birth
weight, gestational age, congenital malformation, base
excess, and fractional inspired oxygen in the first 12
hours of life.16 Cranial ultrasounds were performed daily
from the time of admission. Clinical management of the
infants was at the sole discretion of the attending neo-
natologist.

Tissue-Oxygenation Index
SRS (NIRO-300 spectrophotometer, Hamamatsu Pho-
tonics KK, Hamamatsu City, Japan) uses continuous
wave light and light detection at multiple distances. The
NIRO-300 system transmits light at 4 wavelengths in the
NIRS at 775, 810, 850, and 905 nm, via a fiber optic
bundle, delivered to the infant by an emission probe.
Three aligned photodetectors are housed in a single

probe, which is spaced 4 cm from the emission probe.
Both the emission and detection probes are placed over
the temporoparietal region of the infant. SRS uses the
slopes of near infrared light attenuations versus dis-
tances measured from all 3 of the photodetectors and
computes continuously the absolute ratio of oxyhemo-
globin to total hemoglobin and, hence, an absolute av-
erage tissue-oxygen saturation (TOI).13,14

Measurements of Physiologic Variables
MAP waveform was continually measured from an in-
dwelling peripheral or umbilical arterial catheter con-
nected to a transducer monitoring system zeroed at the
midmaxillary line, recorded, and displayed in real time
at the bedside (Agilent Viridia CMS 2001 modular sys-
tem, Phillips Medical, Da Best, Netherlands). Arterial
oxygen saturation, transcutaneous partial pressure of
carbon dioxide, and heart rate were simultaneously re-
corded using the same bedside system. Using in-house
software written in Labview (National Instruments, Aus-
tin, TX), both the physiologic data from the Agilent
system and the optical data from the NIRO-300 were
collected simultaneously and downloaded onto a per-
sonal computer for subsequent analysis.

Data Sampling
Studies were performed over 2 to 4 hours in each infant.
Physiologic data including MAP were collected at 1 Hz.
TOI data were collected at 6 Hz and then downsampled
to 1 Hz to allow offline coherence and transfer-function
analysis along with MAP.

Uninterrupted recordings of 20 minutes with stable
arterial oxygen saturation were used for coherence anal-
ysis. SRS recordings were interrupted if movement arti-
facts caused a baseline shift. In practice this resulted in
interruption of recordings during spontaneous head
movements, physical examinations, radiographs, clinical
procedures, and other events requiring handling of the
infant. Arterial blood gas sampling also interfered with
recordings because of loss of the arterial pressure signal.

Data Analysis
Correlation between continuous measurements of MAP
and cerebral TOI were quantified in a frequency-specific
manner by established spectral analysis techniques, the
coherence function and the transfer function analysis.17,18

Computations were performed by using a scientific soft-
ware package (MatLab; MathWorks, Inc, Natick, MA).
Each 20-minute epoch was divided into 5 segments of 10
minutes, with successive segments overlapped by 75%.
Averages for MAP and TOI obtained in each segment were
subtracted from the data to eliminate any contribution of
the DC component to low-frequency power. These time
domain data were then multiplied by a full cosine-tapered
(Hanning) window to minimize spectral leakage and trans-
formed into power spectral densities (PSDs) by Fourier
transform. The PSDs obtained for each of the 5 over-
lapping segments were averaged to minimize contri-
butions from variable noise and to sharpen reproduc-
ible spectral components. PSD of TOI and MAP (PTOI�f�
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