Changes of frequency spectrum of the CSF pulse wave
caused by supratentorial epidural brain compression
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SUMMARY The frequency spectrum of the CSF pulse wave and amplitude transfer function from
arterial to CSF pressure were estimated in the lateral ventricle and cisterna magna during the course
of supratentorial epidural compression of brain in anaesthetised ventilated cats. Ventricular fluid
pressure, the amplitude of spectral components of the CSF pulse and the amplitude of transfer
function in the supratentorial compartment were increased in an exponential manner as epidural
compression advanced. A transtentorial pressure gradient developed when epidural compression
exceeded a critical level. Conduction of the CSF pulse through the tentorial hiatus decreased in an
exponential manner when plotted against the transtentorial pressure gradient. Transtentorial
conduction of the CSF pulse may serve as a sensitive indicator of the development of tentorial

herniation.

Changes of the waveform of the CSF pulse associated
with changes in intracranial pressure (ICP) are often
noted during continuous monitoring. Several authors
have proposed that waveform analysis of the CSF
pulse may be a useful means to estimate intracranial
pressure dynamics.'`5 Detailed study of the CSF
pulse waveform under controlled experimental conditions, however, is still necessary before assessing the
practical value of pressure waveform analysis in the
management of patients with raised ICP. This study
was planned to determine the behaviour of the CSF
pulse wave when ICP was raised experimentally by
epidural compression of the brain under controlled
conditions.
Materials and methods

Twelve mongrel cats of both sexes, weighing between 4-2
and 4 8 kg, were used for these experiments. Each animal
was anaesthetized by ketamine 20 mg/kg IM after premedication by atropine 0-05 mg/kg subcutaneously. Tracheotomy and intubation were performed, then anaesthesia was
maintained by mixed gases of 30% 02 and 70% N20. The
animal was paralysed by pancuronium bromide 0-05 mg/kg
IV and respiration was maintained mechanically (Harvard
respiratory Model 665 A made by Harvard Apparatus,
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South Natick, Massachusetts, USA). The left femoral vein
and artery were cannulated for the drip infusion of Hartmann's solution and for monitoring of blood gases (blood
gas analyser IL system 1302 made by Instrument Laboratory, Milano, Italy), respectively. A catheter was placed in
the left subclavian artery for monitoring of systemic blood
pressure.
The animal was fixed in a stereotaxic frame in the sphinx
position. A midline incision was made in the suboccipital
region and a 22-gauge spinal needle was placed in the cisterna magna through the foramen magnum. A small rubber
balloon was placed in the epidural space of the right parietal
region through a drill hole in the skull. Another spinal
needle of the same gauge was inserted into the left lateral
ventricle stereotaxically through a drill hole. The sites of
insertion of spinal needles and epidural balloon were sealed
by cyanoacrylate adhesive or dental acrylic.
The catheter placed in the subclavian artery and spinal
needles in the CSF space were connected to pressure transducers (pressure transducers made by Bentley Laboratories,
Irvine, California, USA) by tubes of high pressure type and
of equal length for recording by a polygraph and a FM tape
recorder (FM tape recorder Model MR-10 made by TEAC
Corporation, Tokyo, Japan). All pressure transducers were
calibrated by a water column and positioned halfway
between the tip of dorsal spine and the sternum. Pulsatile
components of arterial pressure and CSF pulse were selectively magnified by a four channel AC amplifier with preset
gain from twice to 100 times, and recorded by a FM tape
recorder.
After stabilisation of the animal, the CSF pulse and blood
pressure were recorded under baseline conditions. Then the
epidural balloon was inflated at the rate of 0-038 ml/min and
all pressures were recorded. Sizes of both pupils were
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Transtentorial conduction of CSF pulse
The conduction of each spectral component of the CSF
pulse wave from supratentorial to infratentorial compartments through the tentorial hiatus was calculated by
following equation:
Cond (x) = Amp (x/Cm) x 100%
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Fig 1 The basic pattern of the frequency spectrum of the
CSF pulse wave. The spectrum contains four components
derivedfrom cardiac beats. FW = fundamental wave, HW2
= 2nd harmonic wave, HW3 = 3rd harmonic wave, HW4 =
4th harmonic wave.
observed intermittently. The experiment was terminated
when the balloon was inflated to 2 0 ml.
We define a transtentorial pressure gradient as the
difference between CSF pressures estimated in the lateral
ventricle and the cisterna magna.
Spectral analysis of the collected arterial and CSF pressure data was performed after the end of the experiment.
The signal from the FM tape recorder was sampled by a 12
bit analog-to-digital converter at a rate of 50 Hz, and the
frequency spectrum of each pressure waveform was calculated by a 16 bit personal computer using an algorithm for a
512 point Fast Fourier Transform. The range of frequency
spectrum was between 0-6 and 18 1 Hz and the frequency
resolution was 0 098 Hz. In this study, we analysed only the
spectral components derived from cardiac beats, ignoring
the lower frequency component associated with respiration.
The frequency response of the pressure measuring system
was tested and confirmed to be flat up to 20 Hz.
Nomenclature of spectral components
An example of the spectrum of the CSF pulse wave is shown
in fig 1. Four sharp peaks are present; this pattern of
spectrum was basically the same for both blood pressure and
the CSF pulse. The definition of abbreviations for spectral
components are:
FW = fundamental wave (or first harmonic wave)
HW2 = 2nd harmonic wave
HW3 = 3rd harmonic wave
HW4 = 4th harmonic wave

where Cond (x) = conduction of spectral component (x) of
the CSF pulse wave
Amp (x/CM) = amplitude of spectral component (x)
of the CSF pulse in the cisterna magna
Amp (x/LV) = amplitude of spectral component (x)
of the CSF pulse in the lateral ventricle
x = FW, HW2, HW3 or HW4

Results
Two cats were discarded from the series because the
needle in the lateral ventricle became blocked at an
early stage of epidural compression of the brain.
During the course of experiments, arterial blood
gases were stabilised; pH, P02 and pCO2 were 7 39 +
004, 183 + 26mmHgand 285 + 24mmHg (mean
and SD), respectively.
There was no significant change of systemic arterial
pressure, as shown in fig 2.

(1) Changes of the intracranial pressure and
transtentorial gradient of CSF pressure
The CSF pressure in the lateral ventricle (VFP) was
raised progressively by the inflation of an epidural
balloon as shown in fig 3(a). In the beginning of the
epidural compression, there was no difference
between CSF pressures in the lateral ventricle and cisterna magna. A transtentorial pressure gradient
appeared when the volume of the epidural balloon
exceeded 0 38 ml (fig 2 (b)). The volume of the bal150-
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Amplitude transfer function
The amplitude transfer function from arterial blood pressure to CSF pulse wave was calculated by the following

50-

equation:'
TFa (x) =

amplitude of spectral component (x) of CSF pulse
amplitude of spectral component (x) ofblood pressure
where TFa (x) = amplitude transfer function of spectral
component (x)
(x = FW, HW2. HW3 or HW4)
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Fig 2 Changes of mean blood pressure in the course of
epidural balloon inflation. Mean and SD are shown.
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(3) Changes ofamplitude transferfunctionfrom blood
pressure to the CSFpulse wave
The values of amplitude transfer function from blood
pressure to the CSF pulse estimated in the lateral ventricle were increased progressively during epidural
compression of the brain. In contrast, those estimated
in the cisterna magna were increased only slightly
(fig 5). Thus, the pattern of changes of the amplitude
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Fig 3 Changes of CSF pressure (PcSF) in the lateral
ventricle (closed circles) and cisterna magna (open circles)
(b) development of the transtentorial pressure gradient
(APCSF) in the course ofepidural balloon inflation. Mean and
SD are shown. APCSF = ventricular CSFpressure-cisterna
magna CSF pressure.

loon, when ipsilateral dilatation of the pupil
appeared, was 1-28 + 0-27 ml (mean and SD) and the
corresponding CSF pressure levels in the lateral ventricle and the transtentorial pressure gradient were
53 6 + 15-9 and 28-3 + 7-8mmHg respectively.
(2) Changes ofamplitude ofspectral components of
the CSF pulse wave
The pattern of changes was basically the same for all
four spectral components of the CSF pulse as shown
in fig4; (a) the amplitude values for each spectral
component in the lateral ventricle and cisterna magna
were almost identical in the early stage of the epidural
balloon inflation, (b) the amplitudes of all spectral
components of the CSF pulse in the lateral ventricle
were increased progressively as the epidural com-

transfer function was similar to that of the amplitude
of the spectral components of the CSF pulse.
(4) Changes in transtentorial conduction of the CSF
pulse wave
Changes of conduction of the CSF pulse wave from
the supratentorial to the infratentorial compartments
were associated with the development of a transtentorial gradient of CSF pressure.
Transtentorial conduction of each spectral component of the CSF pulse was plotted against the trastentorial pressure gradient (fig 6). Values of transtentorial conduction of FW, HW2, HW3 and HW4
components of the CSF pulse wave while there was no
transtentorial pressure gradient were 78-5 + 15-8,
89-4 + 12-1, 89-0 + 13-7 and 88-7 + 20-1%,
respectively. The average value of the transtentorial
pressure gradient was 28-3mmHg when the
ipsilateral pupil was dilated. The correlation
coefficient and regression line were therefore calculated in two pressure ranges (lower than 28-3 mm Hg
and over 28-3 mm Hg), to determine the effect of the
full development of the tentorial herniation. Transtentorial conduction of the CSF pulse wave was
progressively decreased during the development of
the transtentorial pressure gradient while it was lower
than 28-3mmHg. Once the transtentorial pressure
gradient exceeded 28-3 mm Hg and therefore tentorial
herniation was established, the conduction of the FW
and HW3 components were no longer decreased
significantly, and conduction of other components
was decreased at a lower rate.
Correlation between the common logarithm (base
10) of the transtentorial conduction of spectral components of the CSF pulse and the transtentorial pressure gradient was calculated because an exponential
relationship was suspected (fig 6). This revealed a
significant correlation for all components; the
regression equations were:
logio Cond (FW) = -9.40 x 10-3 X APCSF + 164
(r = -0 73, P < 0-001)
logio Cond (HW2) = -8-77 x 10-' x PcSF + 182
(r = -0-70, P < 0-001)
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pression progressed and (c) amplitudes of all components of the CSF pulse in the cisterna magna were,
in contrast, increased only slightly.
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Fig 4 Changes in the amplitude ofspectral components of the CSF pulse estimated in the lateral ventricle (closed circles) and
cisterna magna (open circles) versus the volume in the epidural balloon. (a) FW, (b) HW2, (c) HW3 and (d) HW4
components. Mean and SD are shown.
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Fig 5 Changes in the amplitude transfer function (TFa (x)) ofspectral components estimated in the lateral ventricle (closed
circles) and cisterna magna (open circles) versus the volume in the epidural balloon. (a) FW, (b) HW2, (c) HW3 and (d)
HW4 components. Mean and SD are shown.
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Fig 6 Changes in the transtentorial conduction (Cond (x)) of the CSFpulse components against the development of
transtentorial pressure gradient (APCSF). (a) FW, (b) HW2, (c) HW3 and (d) HW4 components. (*. Mean + SD of
transtentorial conduction when the pressure gradient was nil). NS = not significant.

Discussion

increase in elastance in the supratentorial compartment with this model of increased intracranial pres-

This study revealed that the amplitude of each spec- sure.9 In this experimental model, therefore, the contral component of the CSF pulse wave measured from dition will favour an increase in the mean level of
the lateral ventricle increased progressively with pressure in supratentorial compartment and in the
advancing epidural brain compression. These findings magnitude of the pulse pressure so that the CSF presare similar to the results of CSF pulse amplitude analsure waveform comes more and more to resemble the
ysis using conventional methods as reported by arterial pressure waveform.
Avezaat.6 Increasing amplitude of the spectral comThe intracranial mass lesion pressure-volume curve
ponents of the CSF pulse wave appears to result from has an exponential or exponential-like shape.'0-15
increasing transmission of pulsation from arterial Variation in the slope of the curve indicates changing
pressure to CSF as represented by the changes of capacity of the intracranial system for spatial comamplitude transfer function. The waveform of the pensation. This study revealed that the amplitude of
CSF pulse is regulated by two main mechanisms: (a) spectral components of the CSF pulse wave and the
the cerebro-vascular resistance and (b) the intra- amplitude transfer function from blood pressure to
cranial elastance.1 - In other words, these two mech- the CSF pulse in the supratentorial compartment also
anisms control the efficiency of pulse transmission have an exponential-like relationship against the volfrom arterial pressure to CSF.
ume of an expanding epidural balloon. These findings
In previous studies we have shown that with expan- suggest the possibility of spectral analysis of the CSF
sion of an extradural balloon there is a decrease in pulse as a method of estimating the intracranial elascerebrovascular resistance in the supratentorial com- tance as proposed by Szewczykowski5 and Avezaat,6
partment, at least up to the point where pupillary although it would require further investigation.
dilatation occurs.8 We have also demonstrated an
A transtentorial pressure gradient appeared when
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