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Simultaneous recording of cerebrospinal fluid
pressure and middle cerebral artery blood flow
velocity in patients with suspected symptomatic
normal pressure hydrocephalus

DW Droste, J K Krauss

Abstract
CSF pressure (intracranial pressure, in
one patient lumbar pressure) was mon-
itored continuously for one night in 23
patients with suspected symptomatic nor-
mal pressure hydrocephalus (NPH) to
identify patients who might benefit from
subsequent shunt surgery. In 20 patients
middle cerebral artery (MCA) blood flow
velocity by means of transcranial Doppler
sonography (TCD) and CSF pressure
were recorded simultaneously. In three
patients transcranial Doppler signals were
insufficient. Spontaneous changes in CSF
pressure always paralleled changes in the
TCD signal. Equivalents of B-waves as
well as intermediate waves (in between B-
and A-waves), and C-waves could be iden-
tified easily and always appeared in phase.
The Doppler signal, however, could not be
used to evaluate the absolute changes in
CSF pressure. Fast Fourier Transform of
the Doppler signal was a useful tool to
indicate the relative frequency of B-wave
equivalents. In five patients the injection
of 10ml saline into the ventricle raised
intracranial pressure considerably, but
hardly affected the MCA blood flow veloc-
ity. ContinuousTCD monitoring might be
useful as a noninvasive screening proce-
dure in patients with suspected sympto-
matic NPH before continuous invasive
CSF pressure measurements are per-
formed.

(J Neurol Neurosurg Psychiatry 1993;56:75-79)

University of
Freiburg, Freiburg,
Germany
Department of
Neurology
DW Droste

Department of
Neurosurgery
J K Krauss
Correspondence to:
Dr Droste, Department of
Neurology, Atkinson
Morley's Hospital, Copse
Hill, Wimbledon, London
SW20 ONE, UK
Received 2 December 1991
and in revised form
21 April 1992.
Accepted 27 May 1992

A frequent problem encountered in neurology
and neurosurgery is determining which
patients with suspected normal pressure
hydrocephalus (NPH) will improve clinically
after shunt surgery. Positive criteria for the
diagnosis of NPH include gait disturbance,
dementia and urinary incontinence, periven-
tricular lucency and large ventricles demon-
strated on CT, and clinical improvement after
lumbar puncture. Overnight recording of
intracranial pressure (ICP) has become an

established method for selecting patients who
will respond to shunt surgery.

Clinical improvement has been correlated
positively with recordings of A-waves or with
frequent high amplitude B-wave activity.`
B-waves are spontaneous ICP oscillations with
a wave length of 0O5-2 minutes. A-waves last

longer, have a higher amplitude, and appear
plateau-like (therefore also referred to as "pla-
teau waves"). Lundberg also described
C-waves particularly on the plateaux of the
A-waves.5 B-waves are found with impaired
CSF absorption in NPH and also less fre-
quently in healthy persons,6 whereas A-waves
may indicate severely impaired CSF absorp-
tion.'- The origin of these waves is not yet well
understood. Auer and Sayama observed rhyth-
mic pial vessel diameter changes correlating
with B-waves.'0 Some authors claim a brain
stem centre is responsible for these oscilla-
tions." 2 Others stress the coincidence with
respiratory and cardiovascular changes. 11-14
Transcranial Doppler sonography permits
noninvasive measurement of the blood flow
velocity in the large basal cerebral arteries.'5
The diameter of these large arteries is assumed
to remain more or less constant.'6 Changes in
cerebral blood flow are caused by constriction
or dilatation of the smaller resistance vessels.
Therefore, changes of cerebral blood flow
velocity in the large basal arteries correlate
with changes of cerebral blood flow. ' In 5
patients Maumer-Huppert et al showed that
middle cerebral artery (MCA) blood flow
velocity and ICP were in phase during
B-waves.6 Goh et al described a decrease in
ICP with an increase in MCA blood flow
velocity and vice versa during A- and B-waves
in three hydrocephalic children. In four other
children the ICP and TCD signals were in
phase.'8 After subarachnoid haemorrhage, the
signals took opposite courses. ' After severe
head injury, they were in phase.20
Whether changes in cerebral blood flow/

volume are the cause or a consequence of
changes in ICP, there should be a relationship
between spontaneous ICP oscillations and the
TCD signal. The following study was designed
to assess MCA blood flow velocity and CSF
pressure simultaneously in patients with sus-
pected NPH with special emphasis on the
characterisation ofTCD signal equivalents of
spontaneous CSF pressure oscillations.

Materials and methods
In our institutions patients with suspected
NPH who might benefit from shunt surgery
are routinely submitted to an overnight record-
ing of ICP. We examined 23 patients (6 men,
17 women) with clinical signs of NPH. All
patients had ventricular enlargement of various

75
 on M

ay 22, 2023 by guest. P
rotected by copyright.

http://jnnp.bm
j.com

/
J N

eurol N
eurosurg P

sychiatry: first published as 10.1136/jnnp.56.1.75 on 1 January 1993. D
ow

nloaded from
 

http://jnnp.bmj.com/


Droste, Krauss

degrees on a cranial CT scan and
least one of the following sympt
disturbance, dementia, or urinary
nence. Fourteen patients showed the
triad of symptoms. In two patients
thought to be secondary to meniu
subarachnoid haemorrhage, respect
ranged from 55 to 83 years, with the
of one patient who was 24 years old.
age was 69 years. Informed cor
obtained from the patients or their fi
both. In three elderly women we
either no transcranial Doppler signal
weak one which was not adequate f
ing. In the remaining 20 patients an
(9-18 hours) recording of ICP (in o
lumbar pressure) and MCA blood fli
(9-12 hours, either right or left
performed simultaneously.
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Figure I Simultaneous recording of middle cerebral artery blood flow velocit
transcranial Doppler (TCD) and intracranial pressure (ICP). Patient 14.
The waveforms are not totally parallel. A rhythm of about 3 cardiac cycles of
is visible in the ICP recording, but not in the TCD recording. There is a sligh,
about O ls between the ICP and TCD signals during one cardiac cycle.
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Figure 2 Patient 18. Simultaneous recording ofMCA blood flow velocity by
ICP Permanent B-wave activity. Increase and decrease in the two signals are

all had at ICP was measured via an intraventricular
oms: gait catheter of 2 mm diameter inserted into the

inconti- frontal horn of the left lateral ventricle through
complete a 2-mm burr hole, 2 cm parasagittal and 2 cm
NPH was precoronal, drilled under local anaesthesia.
ngitis and The intraventricular catheter was secured to
:ively. Age the scalp with sutures. In one patient CSF
exception pressure was recorded via a lumbar catheter.
The mean The transducer (Braun, Germany) was fixed
isent was over the bregma and connected to an amplifier
amilies, or (Servomed, Hellige, Germany) and a plotter
detected (Recomed, Hellige, Germany). There were no

I or only a adverse events such as infection or bleeding.
or record- The foramina of Monro were considered to be
overnight at Ocm CSF. The patients were in a supine
ine patient position with the head flat.
iw velocity For theTCD measurements we used theTC
side) was 2000S transcranial Doppler (Eden Medizi-

nische Elektronik GmbH, Uberlingen, Ger-
many) and recorded only the envelope curve
(that is, the maximal velocity), not the entire
Doppler spectrum, numerically on the hard

Fe -Ls. disc (sample rate 41 Hz). The highest middle
cerebral artery blood flow velocity was sought
at a depth of 45 to 55 mm through the

;,'. temporal window. The side measured was
l 14t ;selected dependent on the quality of the signal

and interference due to the catheter and
4.-t- sutures. We used the lowest ultrasound inten-

4t_ .._ sity still able to produce a satisfactory signal
(<100 mW/cm2). Continuous measurement
was made possible by securing the probe in a
head ribbon with adhesive tape. A person sat

V beside the patient for the whole night, checked
-i-Xi- for any movement of the patient and refastened
! the TCD probe when necessary. The CSF

- pressure was recorded throughout the night on
a plotter at a speed of 5 mm/min and inter-

L ~1~ ~' mittently at a higher speed (1 mm/s, 10 mm/s).
t [s] The transcranial Doppler signal was recorded

on the hard disc of the TC 2000S and in 15
patients also on the same sheet of paper as the

y by CSF pressure using the second channel of the
rwavelength plotter.

tdelay of In five patients Doppler signals and CSF
pressure were recorded simultaneously during
a bolus injection of 10 ml saline via the
ventricle catheter.

Sixteen patients had ventriculoatrial or
ventriculoperitoneal shunting two to four
weeks after the CSF pressure / TCD record-
ing.

Results
+ In all patients the initial baseline intracranial /

lumbar pressure was less than 20 cm CSF,
: which was consistent with a diagnosis of

"Anormal" pressure hydrocephalus. The Dop-
pler recording was more susceptible to move-
ment artefacts than the pressure registration.
However, the artefacts could be reliably identi-
fied. In the 15 parallel recordings the course of
the Doppler signal was always almost parallel
to and in phase with the course of the CSF

t I in I pressure.
At a speed of 10 mm/s during one cardiac

cycle, there was only a delay of about 01 s
TCD and between the systolic peak and the dicrotic

7 in phase. incisura of the CSF pressure and of the blood
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...................- flow velocity (fig 1). The waveform was slightly
different. A rhythm with a wavelength of about
three heartbeats was seen in the pressure
recording, but not in the Doppler recording
(probably corresponding to respiration).

* .. The two recordings were also almost parallel
at a speed of 1 mm/s. This speed provides a

.........- , good image of the B-waves and their TCD
equivalents in detail (fig 2). The routinely used

..... speed of 5 mm/min is appropriate for visual-
+ ising intermediate waves (see below) and long
+ -t-- runs of B-waves and their TCD equivalents

(figures 3a, b, c).
In all of the 20 patients we observed B-waves

with various wavelengths and amplitudes hav-
_T ing sine-typed or ramp-typed shape. The rela-

tive frequency was variable. In four patients
t [min] there were a few waves lasting longer than 2

minutes and 40-60 cm CSF high. These latter
waves (considered as intermediate waves,
between A- and B-waves) were clearly dis-
tinguishable from the surrounding smaller
B-waves, however, they never reached a pla-
teau of several minutes as the A-waves des-
cribed by Lundberg.5 Some of them looked
like large ramp-typed B-waves, others resem-
bled A-waves with only a short plateau.
C-waves were observed in only two patients
(fig 3c). To confirm the visual impression of an
almost parallel course of CSF pressure and
MCA blood flow velocity, we performed meas-
urements at this speed (5mm/min) in each of
the 15 patients (ICP andTCD on one sheet of
paper) of the systolic value of the peak and the

jsii diastolic value of the following dip in 5 TCD
B-wave equivalents (and not knowing that
there also is a B-wave in the pressure record-
ing). Then we measured the corresponding
values of the pressure recording. We did the

t [min] same for 5 other B-waves seen first on the
pressure recording and then measured the
corresponding Doppler values. In all of these
150 B-waves/B-wave equivalents maximum
and minimum values were reached in both
recordings at the same time. There was no
B-wave recording that was not reflected by a

... -- B-wave equivalent in the TCD and vice versa.
We also measured 2 x 11 intermediate waves
and theirTCD equivalents in four patients and
observed the same result. Intermediate waves
and their TCD equivalents were higher than
B-waves and their TCD equivalents in the
same patient. TCD artefacts due to movement
with probe displacement were reliably detec-
ted. In two restless patients who produced
frequent artefacts, some of these artefacts (for
example, due to yawning, micturition, or

, coughing) resembled spontaneous ICP oscilla-
tions (probably due to pressing and sub-
sequent rise of intrathoracic and venous
pressure) and were not correlated with changes

t [ mi.n] in MCA blood flow velocity. The occurrence of
ml' these artefacts was noted by the night watch.

There was no difference between the lumbar
Figure 3 Simultaneous recording ofMCA blood flow velocity by TCD and I(

different patients.
3a (top): Permanent B-wave activity. Speed was changed from 1mmls to Smi
back to Immls. Same patient as in fig. 2 (patient 18).
3b (middle): Patient 4. Permanent B-wave activity.
3c (bottom): Patient 14. Several B-waves and an intermediate wave. C-waves
the intermediate wave.

-P in three and ventricular pressure measurements forspontaneous CSF pressure oscillations and
,z/min and their TCD equivalents.

In each of the four patients with inter-
on top of mediate waves we made one graph with 10

B-waves and 1-10 intermediate waves sampled
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randomly from the recording. The MCA blood
flow velocity constituted the one coordinate,
the CSF pressure the other. Each wave con-
sisted of two points, the peak (systolic value)
and the following dip (diastolic value), as these
parameters were easily measurable in the
recording. Diastolic value of the peak and
systolic value of the dip were frequently super-
imposed by surrounding values. We chose
these four patients, as they offered a wider
range of velocity and pressure due to the
intermediate waves. In three patients there was
a good intraindividual correlation of CSF
pressure andTCD signal within a certain range
(0-30 cm CSF). Above 30 cm CSF MCA
blood flow velocity rose more slowly. In the
fourth patient there was also a linear correla-
tion above 30 cm of CSF. There was no
interindividual correlation between changes in
MCA blood flow velocity and changes in CSF
pressure. One patient might show, for example,
B-wave equivalent activity of high amplitude in
the TCD recording, corresponding to B-waves
of low amplitude, and another patient the
opposite.
With the TC 2000S it is possible to create

ASCII "export" files off line that include the
values of the envelope curve (41 values per
second) or the mean of the values next to each
other (data compression). In 16 patients we
performed a Fast Fourier Transform of 6
continuous early morning hours of velocity
recording. The data were compressed to a
sample rate of 41 /min, which was sufficient to
detect B-waves with a wavelength of 0 5-2s. We
show a representative power spectrum of a
patient with almost permanent B-wave activity
(fig 4).
The other spectra either resembled that

shown in fig 4 or had no or only a smaller peak
between 0 5 and 2 minutes of wavelength.
The bolus injection of 10 ml saline into the

lateral ventricle of five patients hardly affected
the Doppler signal. It did, however, elevate the
ICP considerably (fig 5).

wavelength [min]
Figure 4 Fast Fourier Transform of the transcranial Doppler recording over 6 hours. A
peak of the spectral power at 40-50s corresponding to almost permanent B-wave activity
In this patient (patient 3).

0

50

30

0 X, 1 Oml
ICP

° [cm CSF] 10
t [min]

Figure 5 Simultaneous recording ofMCA blood flow
velocity by TCD and ICP Patient 17. Injection of IOml
saline into the lateral ventricle (arrow) raised the ICP
considerably, but hardly affected the TCD signal.

Discussion
Equivalents of spontaneous CSF pressure
oscillations (B-waves, intermediate waves and
C-waves) in patients with suspected NPH can
be detected by continuous transcranial Dop-
pler recordings of the middle cerebral artery.
Conversely, forms appearing as pressure waves
on a TCD recording correspond to similar
waves on the pressure recording. With a person
sitting beside the patient artefacts can be
reliably identified. Therefore, TCD might be
useful as a noninvasive screening procedure for
patients with suspected NPH, as it provides
information on the relative frequency and
shape of spontaneous CSF pressure oscilla-
tions. Invasive CSF pressure measurement is
mandatory to confirm a positive result and to
assess the absolute level of CSF pressure at
baseline and during oscillations. The relative
frequency of B-waves, in particular, is con-
sidered to be a predictor for shunt responsive-
ness.' 4 In patients with suspected NPH who
show only few B-wave equivalents during
continuous TCD recording, CSF pressure
recordings may possibly give no further infor-
mation concerning the relative frequency of
B-waves. On the other hand, we propose that
those patients with frequent activity of B-wave
equivalents or equivalents of intermediate
waves should have further investigation with
CSF pressure monitoring. Intermediate and
C-waves were rare in our recordings. Any
existing intermediate waves were relatively
small in wavelength and did not reach a long
plateau as the A-waves described by Lundberg.
Lundberg reported A- and C-waves to be
present in patients with a considerable increase
in the mean CSF pressure (for example, due to
space-occupying lesions).5 All of our patients
had "normal" pressure hydrocephalus.
Three of our patients initially showed a

linear correlation between TCD signal and
CSF pressure, however, at levels above approx-
imately 30 cm CSF with increasing pressure
the concomitant increase in blood flow velocity

spectral
power
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was less pronounced. In another patient there
seemed to be a linear correlation above 30 cm
CSF, too.
There was an almost parallel increase and

decrease in the two signals during spontaneous
oscillations. This is consistent with the findings
reported by Mautner-Huppert et al,6 Goh et
al 8 and Newell et al.2" The absence of marked
MCA blood flow velocity changes during
injection of normal saline into the lateral
ventricle with a concomitant increase in CSF
pressure supports the hypothesis that sponta-
neous CSF pressure oscillations are of vaso-

genic origin. The origin of vasodilatation at the
beginning of a B-wave and of vasoconstriction
at the end of a B-wave as described by Auer
and Sayama9 and their relation (cause or
effect) to raised intracranial pressure remain
unclear. There are different opinions on the
role of rhythmic hyperventilation and hypo-
ventilation (and subsequent changes in pCO2
and vessel diameter, for example, in Cheyne-
Stokes respiration), neurogenic vasodilatation
and vasoconstriction, and changes in blood
pressure and heart rate. Lundberg4 and Maeda
et al12 reported that A-waves appear not only
during spontaneous, but also during artificial
respiration, but that B-waves are often effaced
with the start of artificial ventilation. Shima et
al22 described hypoventilation during plateau
waves in humans. Changes in heart rate were
minimal. Newell et al20 found B-waves in
artificially ventilated patients. Hashimoto et
al"4 described apnoea at the beginning of a

B-wave, followed by respiration and increasing
heart rate and blood pressure: the peak of a
B-wave was reached before the peak of heart
rate and blood pressure. Borgesen and
Espersen2' found no correlation between arte-
rial pCO, and A- and B-waves, excluding
changes in respiration to be a causative factor.
Einhupl et al" reported hyperventilation to
coincide with the B-wave peak in patients with
and without Cheyne-Stokes respiration. Ani-
mal experiments conducted by Maeda et al2l
and Kogure et al 12 using electrical stimulation
showed evidence of a brainstem centre being
responsible for neurogenic vasodilatation and
vasoconstriction. These findings, however, are
difficult to interpret with regard to the cause of
spontaneous ICP oscillations, as electrical
stimulation is non-physiological. The fact that
ICP rises in sleep stage II and in REM sleep
and the fact that spontaneous ICP oscillations
are more frequent in REM sleep'82' sug-
gests that spontaneous CSF pressure oscilla-
tions are of cerebral origin mediated by
changes in vessel diameter.
The Fast FourierTransform of aTCD signal

over 6 hours is helpful, since the frequency and
amplitude of B-wave equivalents are taken into
account. As shunting in NPH results in a
reduction of the amplitude and the relative
frequency of B-waves,26TCD and Fast Fourier
Transform might also be useful in controlling
the result of shunting.
We are very grateful to Eden Medizinische Elektronik GmbH,
Uberlingen, Germany for supplying us with the TC 2000S and
to Professor Schulte-Monting for the biomathematical inter-
pretation of the data.
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