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Abstract
Objective-To design a computerised
infusion test to compensate for the disadvantages of Katzman's lumbar infusion
method: inadequate accuracy of estimation of the resistance to cerebrospinal
fluid outflow and poor predictive value in
normal pressure hydrocephalus.
Methods-Accuracy was improved by
intracranial pressure signal processing
and model analysis for measurement of
cerebrospinal compensatory variables.
These include the CSF outflow resistance,
brain compliance, pressure-volume index,
estimated sagittal sinus pressure, CSF
formation rate, and other variables.
Infusion may be made into the lumbar
space, ventricles, or, when assessing shunt
function in vivo, the shunt chamber.
Results and conclusions-The computerised test has been used for five years in a
multicentre study in 350 hydrocephalic
patients of various ages, aetiologies, and
states of cerebrospinal compensation.
The principles of using the test to characterise different types of CSF circulatory
disorders in patients presenting with ventricular dilatation, including brain atrophy and normal and high pressure
hydrocephalus, are presented and illustrated. Previous studies showed a positive
correlation between cerebrospinal compensatory variables and the results of
shunting, but such a prediction remains
difficult in idiopathic normal pressure
hydrocephalus, particularly in elderly
patients. The technique is helpful in the
assessment of shunt malfunction, including posture-related overdrainage, overdrainage related to the nocturnal B wave
activity, and proximal or distal shunt
obstruction.
The appendix presents an introduction
to the mathematical modelling of CSF
pressure volume-compensation included
in computerised infusion test software.
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Hydrocephalus is more complex than a simple
disorder of the CSF circulation. 1-5 As shunting
is a purely mechanistic treatment, the biomechanics of a patient's pressure-volume compensation should be ideally examined before a

shunt is implanted. Such an examination,
although invasive, may help with the decision
as to whether to shunt, and with possible complications such as shunt blockage and under
and overdrainage.
The role of a shunt is to correct the disturbances of CSF circulation or outflow by
a reduction of the resistance to CSF outflow
to about 5-10 mm Hg/ml/min-the typical
hydrodynamic resistance of most shunts. If a
patient has normal intracranial pressure and a
normal resistance to CSF outflow (6-10 mm
Hg/ml/min6 7), a shunt theoretically cannot
help because the resistance cannot be reduced
further without the risk of overdrainage. The
fundamental role of the volume-pressure study
is to measure the resistance to CSF outflow
along with other compensatory variables and
consider whether the disturbed cerebrospinal
compensation can be improved by shunting.
Therefore, the examination may help to avoid
unnecessary shunting or shunt revision.811
Almost all authors7 8 111-7 agree that in hydrocephalus the drainage of CSF is disturbed,
which may be expressed quantitatively by a
raised resistance to CSF outflow. The limit of
normal resistance is around 12 or 13 mm
Hg/ml/min.7 9 11121416 However, raising of this
resistance is not always correlated with a good
outcome after shunting18-20-particularly in
idiopathic normal pressure hydrocephalus in
elderly patients.13 Our experience suggests that
not only the resistance but also other compensatory variables are helpful in the diagnosis of
hydrocephalus. 1121-24
As the rate of shunt failure is around
20%-30% during the first year after implantation and continues at a rate of 5% per year,25
the probability of shunt malfunction over time
is high. A blocked shunt does not always produce the dramatic onset of clinical symptoms,26 27 that justifies a shunt revision without
performing an invasive examination. Not
uncommonly the CSF circulatory reserve
deteriorates gradually and a question about
the shunt function may be very difficult to
answer. In such cases, pressure-volume studies
may help to assess the severity of malfunction
by comparing the current test to the study performed before shunting.26 28 Therefore an
important role of a preshunting test is to establish the baseline for comparison with postshunting investigations performed to test the
shunt's fimction in vivo.
The main aim of this observational study is
to present the methods of computer supported
analysis of CSF pressure used for diagnosis of
hydrocephalus, and show how the results of
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Figure 1 Mean pulse amplitude of CSF pressure (AMP)
and mean pressure (ICP) recorded during infusion test (x
axis: time in minutes from the beginning of recording). The
infusion of 1k5 mllmin starts in the fifth minute and
finishes around the 22nd minute.
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computerised infusion tests are able to distinguish different types of disorders presenting
with ventricular dilatation. The computerised
infusion test is faster, less invasive, and does
not demand specialised equipment as required
by other methods described.29-3' The principles of interpretation of the pressure-volume
tests performed to assess shunt function in
vivo are also discussed.
Materials and methods
Three hundred and fifty infusion tests were
performed in three different centres (136 in
children) at the Child's Health Centre in
Warsaw (Poland), Medical Academy Hospital
in Warsaw (Poland), and at Addenbrooke's
Hospital in Cambridge (UK). All patients presented with ventricular dilatation and had
hydrocephalus diagnosed by other clinical
examinations. In 59 patients the test was performed to assess shunt function in vivo.
There were almost no serious complications
after the test (one case of epidural abscess).
COMPUTERISED INFUSION TEST

The computerised infusion test32 is a method
for the accurate analysis of the traditional constant rate infusion.'02833 This method allows an
infusion to be made into any accessible fluid
compartments. Lumbar infusion, even if it has
understandable limitations, is less invasive and,
therefore, more often performed. The second
most frequent approach is an intraventricular
infusion into a subcutaneously positioned
reservoir, connected to an intraventircular
catheter. In such cases two hypodermic needles (gauge 23 or less, as advised by manufacturer of a specific type of reservoir) are used:
one for the pressure measurement and the second for the infusion.
THEORETICAL FRAMEWORK

The model of cerebrospinal volume compensation investigated during this test was described
by Marmarou and coworkers3435 and slightly
modified later.3'38 Apart from resting CSF
pressure and the resistance to CSF outflow,
the pressure-volume index (PVI), cerebrospinal compliance, CSF formation rate,
and the pulse wave amplitude of CSF pressure
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Figure 2 (A) Example of the lumbar infusion test made
through one lumbar needle (G19). The end of the needle
was partially obstructed, therefore the pressure gradient D
= 25 mm Hg across the needle was recorded during the
infusion (rate 1.5 ml/min). Infusion was discontinued
around the fifth, seventh, and 12th minute to control the
real level of CSF pressure. (B) Example of an infusion
into the Ommaya reservoir. Rapid pressure increase D was
around 1 5 mm Hg indicating that the ventricular catheter
was patent.

are measured (see appendix for definitions).
During the infusion, the computer calculates
mean pressure and pulse amplitude and presents both variables with time along the x axis
(fig 1). The resistance to CSF outflow is calculated as the difference between the value of the
plateau pressure during infusion and the resting pressure, divided by the infusion rate.
However, in many cases strong vasogenic
waves or an excessive increase of the pressure
above the safe limit of 40 mm Hg do not allow
the precise measurement of the final pressure
plateau. Computerised analysis, on the other
hand, produces results even in difficult cases
when the infusion is terminated prematurely.
The algorithm utilises a complex time series

analysis for volume-pressure curve retrieval,38
the least mean square model fitting,32 and an
examination of the relation between the pulse
amplitude and the mean CSF pressure (for
details see the appendix).24 3739
ONE NEEDLE TEST

A lumbar infusion performed using two separate needles inserted one or two intervertebral
spaces apart is the most precise way of pressure-volume testing in communicating hydrocephalus. Exceptionally, in difficult cases the
lumbar infusion may be performed using the
same needle for the infusion and pressure measurement, although the gauge should not be
higher than 21. Normally, the resistance of the
needle is low (around 1-2 mm Hg/ml/min),
but this may increase considerably after the
insertion into the lumbar CSF space if the end
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of the needle is touching neural roots or any
other tissue. An infusion rate of 10 or
1.5 ml/min may produce a sudden increase in
the measured pressure with a subsequently
slow rise (fig 2A). The initial rapid pressure
increase represents the pressure gradient across
the needle. The slow increase (> 5 min) represents the real rise of the pressure inside the
CSF compartment which may be measured
using short breaks during infusion (< 30 s).
For analysis, the pressure recorded during the
infusion should be decreased by the pressure
gradient across the needle.
INFUSION INTO A SUBCUTANEOUS RESERVOIR OR
SHUNT CHAMBER

In a pressure-volume study performed using
two needles inserted into a reservoir or shunt
chamber the analysis may be complicated by
an additional pressure gradient across the ventricular catheter. The resistance of a patent
intraventricular catheter is lower than 1 mm
Hg/ml/min. An infusion rate of 1 0-1 5 ml/min
produces almost negligible initial rapid
increase of the pressure (less than 1-0-1 5 mm
Hg; fig 2B). If the initial rise is higher, the data
should be analysed as in the one needle infusion study-that is, the initial rapid increase in
the pressure should be subtracted from the
slow asymptotic increase. Again, two or three
short intermediate breaks in infusion (every
five minutes) are recommended to control the
real increase in the pressure within the ventricles. If the fast initial increase in the pressure is
higher than 3 mm Hg, it suggests a partial
obstruction of the ventricular catheter.
LONG TERM MONITORING OF CSF PRESSURE

The presence of "B waves" in the recorded
CSF pressure40 41 is reported to be a good prognostic factor in shunting.'842 43 There is still no

agreement about the nature of these waves,
which have a character of periodic oscillations
of duration from 20 seconds to one or two
minutes. This kind of oscillation can be
recorded in cerebral blood flow velocity in normal volunteers and seems to be correlated with
an REM phase of sleep.44 Similar waves can be
seen in arterial blood pressure and heart rate in
patients with severe head injury with low cerebral perfusion pressure.4546 Whatever the
source of these waves, they are associated with
oscillations of the cerebral blood volume.
When the cerebrospinal compensatory reserve
is low they produce synchronised oscillations
in CSF pressure. In the classic flow chart for
the investigation of hydrocephalus in adults,
presented by Gjerris et al,42 shunting is advised
when the B waves are present for more than
50% of monitoring time or the baseline pressure is raised above 15 mm Hg. However, it is
not clear at which amplitude B waves should
be interpreted as pathological: waves of amplitude from 1 mm Hg to 25 mm Hg can be seen
in the same patient (fig 3) and detected using
computer data processing.47-49

Results and interpretations
DIFFERENTIATION BETWEEN BRAIN ATROPHY
AND NORMAL PRESSURE HYDROCEPHALUS

Patients with predominantly brain atrophy (48
patients were diagnosed) had a normal CSF
circulation, by contrast with hydrocephalic
patients. Typically, the opening pressure, the
resistance to CSF outflow, and the pulse
amplitude were low (ICP < 12 mm Hg, RCSF
< 12 mm Hg/ml/min, amplitude < 2 mm Hg).
The pressure volume index was high (PVI > 20
ml), reflecting low elasticity of the atrophic
brain. There were no vasogenic waves seen in
the pressure recording (fig 4A). In this situa-
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Figure 3 Example of
simultaneous recording of
CSF pressure (ICP) and
MCA blood flow velocity
(FV) using a TCD
ultrasonograph. Strong B
waves seen in ICP are
obviously in phase with
fluctuations of bloodflow
during periods A and C.
During period B, the
frequency offluctuations of
blood flow increased,
causing a decrease in the
amplitude of B waves in
ICP. During period D, the
B waves disappeared.
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tion the CSF spaces are being inflated and
deflated passively, like a balloon.
Normal pressure hydrocephalus (101
patients) was characterised by a normal opening pressure (ICP < 15 mm Hg) and high PVI
(> 20 ml). Again, as in brain atrophy, the CSF
system was very compliant." 14 The increased
resistance to CSF outflow (> 12 mm
Hg/ml/min) and B waves seen during infusion,
particularly prominent when ICP increases,
allow normal pressure hydrocephalus to be distinguished from atrophy (fig 4B).
NON-COMMUNICATING HYDROCEPHALUS

Lumbar infusion is not recommended in noncommunicating hydrocephalus both because
of the subsequent risk of herniation and
because of the misleading results obtained.
However, this type of hydrocephalus may not
always be detected by initial CT. In those few
patients in whom lumbar infusion was performed (12), the resistance to CSF outflow
was normal, because the lumbar infusion was
not able to detect the proximal narrowing in
CSF circulatory pathways. The resting pressure, pulse amplitude, and paradoxically, PVI
were all high (ICP > 12 mm Hg, pulse amplitude > 4 mm Hg, PVI > 18 ml; fig 4C).
The same type of hydrocephalus investigated using ventricular infusion (via a reservoir, seven patients), showed high resting
pressure and high resistance to CSF outflow
high (ICP > 15 mm Hg, RCSF > 13 mm
Hg/ml/min). The PVI was low (< 13 ml) and
the pulse amplitude was high (> 4 mm Hg)
indicating a poor compensatory reserve. Acute

communicating hydrocephalus (after subarachnoid haemorrhage), when problems with
CSF circulation arise from insufficient reabsorption or circulation of CSF over the brain
convexity (39 patients) gave the same pattern
of variables, regardless of whether the lumbar
or ventricular approach was used (fig 4D).
IS CLASSIFICATION ALWAYS POSSIBLE?

In 84 patients unqualified differentiation
between atrophy, normal pressure hydrocephalus, and non-communicating and acute
hydrocephalus was not possible. Some 56
patients fell into the border range between
hydrocephalus and atrophy. In 32 patients further overnight ICP monitoring with continuous assessment of the magnitude and
frequency of B waves helped in making the
decision about shunting. In 24 patients
overnight ICP dynamics were limited with
very little vasomotor pressure activity.
CHANGE IN THE PROFILE OF CEREBROSPINAL
COMPENSATION AFTER SHUNTING

The computerised infusion test was used to
assess shunt function in vivo in 59 shunted
patients. With a shunt functioning properly
(26 patients), the resistance to CSF outflow
never exceeds 10 mm Hg/ml/min, an exception being the flow regulating Orbis-Sigma
valve.50 The resting pressure remained at or
below the shunt's opening pressure. Tests
repeated after shunting should always be considered in comparison with the test performed
before surgery. Abnormal cerebrospinal compensatory variables such as high resting pres-
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Figure 4 Typical infusion
tests performed in patients
presented with: (A) brain
atrophy; (B) normal
pressure hydrocephalus;
(C) non-communicating
hydrocephalus (lumbar
infusion); (D) acute
communicating
hydrocephalus (after
subarachnoid
haemorrhage).
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Figure 5 Infusion test made in a patient (after
subarachnoid haemorrhage) before and after shunting
(Pudenz medium pressure valve). The change in opening
pressure was minimal (8 mm Hg before, 7 mm Hg after),
but resistance to CSF outflow decreased from 20 mm
Hglmllmin to 6 mm Hglmllmin. PVI did not change.
sure, increased resistance to CSF outflow, or
decreased PVI should return to normal after
successful shunting. In valves having a low
hydrodynamic resistance and well defined
opening pressure a sharp plateau of the pressure trend is seen about 1-5 mm Hg above the
level of shunt's opening pressure (fig 5).1328

DETERMINATION OF SHUNT PATENCY

E
E

a-

Time (duration 25 min)
Figure 6 Two examples of tests performed to check for the
shunt patency using both recordingfrom and infusion into
the shunt's chamber. (A) Peritoneal catheter or valve
blocked: 1-baseline recording with good pulse amplitude
(AMP); 2-infusion with distal occluder depressed
(resistance to CSF outflow = 14 mm Hglmllmin); 3after the proximal occluder was pressed the pulse amplitude
disappeared; 4-infusion with proximal occluder closed:
the pressure increased immediately to 90 mm Hg; 5-slow
decrease in pressure with proximal occluder closed, showing
that the shunt was not blocked totally but rather partially
obstructed. (B) Ventricular catheter blocked: 1-baseline
recording with the pulse amplitude absent; 2-distal
occluder closed; 3-infusion with the distal occluder closed:
the pressure increased quickly to 80 mm Hg and resolved
immediately after the release of the distal occluder; 4baseline monitoring with proximal occluder closed followed
by the infusion 5-showing patent valve and distal
catheter (resistance 4 mm Hglmllmin).

There are three main methods to assess CSF
dynamics in shunted patients. Firstly, the simplest and the least invasive way is a measurement of intraventricular pressure using a
When the shunt or chamber have proximal
previously implanted subcutaneous CSF and distal occluders or may be occluded by
reservoir. Lumbar puncture in communicating percutaneous pressure on the inlet or outlet
hydrocephalus (27 patients) or the measure- tubes an infusion into shunt chamber is perment of the pressure inside the chamber of the formed first with the distal occluder closed.
shunt (12 patients)-when the shunt's con- The resistance to CSF outflow and PVI
struction allows such a procedure-were also should not be dramatically different from the
possible.
values measured before shunting. If RCSF is
Pressure measurement and infusion into the higher (> 20%) and PVI much lower (< 50%)
shunt chamber is only possible with shunts than before shunting, a partial obstruction of
having a CSF sampling reservoir proximal to the proximal drain, or obstruction of the CSF
the valve. Therefore the method is not useful space (as in slit ventricle syndrome), are likely
for the testing of all burr hole valves.
(five patients). The infusion is repeated with
With the pressure measurement inside the the proximal occluder closed. Pressure should
shunt chamber, the presence of a CSF pres- not rise higher than 4-5 mm Hg above the
sure pulse wave and a pressure increase in
shunt's opening pressure (again, the flow reguresponse to coughing should confirm pressure
lating Orbis-Sigma valve is an exception50). If
transmission between the needle and the CSF it does, an obstruction of the distal catheter or
space, proving patency of the ventricular valve blockage is likely (four patients; fig 6).
catheter. However, the CSF flow through the
shunt may itself attenuate these pressure fluc- OVERDRAINAGE RELATED TO POSTURE
tuations. In cases of absent pulse waveform or a This may be assessed using a tilting armchair
weak response to coughing it is useful to block (four patients). When the baseline pressure
the shunt distally by depression of an measured in the horizontal body position is
occluder, or distal section of outlet catheter to low (usually negative), overdrainage is possiconfirm that during proximal obstruction ble. A change of posture to sitting, with the
waves do not appear.
transducer kept at the same level relative to
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ICP during REM sleep is usually manifested
by a period of low (negative) pressure and a
low amplitude of the ICP pulse wave (fig 8).
Early morning headaches should not be
assumed to be due to "high pressure". They
may be a consequence of low pressure caused
by nocturnal overdrainage.
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Figure 7 Tests for posture related overdrainage. (A) no overdrainage (patient with an
antisyphon device put in-line with the shunt); pressure decreased in sitting position to - 5
mm Hg, AMP did not react to change in the body position, after 15 minutes sitting ICP
returned to the baseline value. (B) Overdrainage manifested by a decrease in ICP in
sitting position below 10 mm Hg, with simultaneous decrease in AMP. After the return
to the horizontal position, ICP and AMP were significantly lower than at baseline.
-

the patient's ear, usually produces a further
decrease in the pressure. If the pressure
decreases to a value lower than - 10 mm Hg,
with a gradual decrease in pulse amplitude,
overdrainage is possible. If, after 10-15 minutes of sitting, the pressure and pulse amplitude in a horizontal position are lower than at
the baseline, overdrainage is confirmed (fig 7).
OVERDRAINAGE RELATED TO NOCTURNAL
VASOMOTOR WAVES (TWO PATIENTS)

Most contemporary valves usually have

hydrodynamic resistance,

a

low

property which

51 52w

a

may result in the overdrainage related to the
periodic oscillations of the cerebrovascular
volume. The expanding cerebrovascular bed
acts like a membrane of a water pump with a
distal low resistance valve. Overdrainage seen
after a period of moderately raised oscillating

Discussion
Does lumbar infusion supported by computer
data analysis give as precise measurement of
the CSF outflow resistance as other methods?
Borgesen et al53 compared the computerised
infusion test with their lumboventricular perfusion,54 a method giving an accurate estimate
of the resistance at multiple intraventricular
pressure levels. Both tests were compared in a
heterogeneous group of patients presenting
with ventricular dilatation. Strong correlation
(r = 0-98; P< 0-001) between the results of
the tests was found. They concluded that
computerised lumbar infusion is as accurate in
the measurement of the conductance of CSF
outflow as the lumboventricular perfusion but
is much less invasive.
The purpose of the test in clinical practice is
to measure the cerebrospinal compensatory
variables and use them to predict the results of
shunting. The test is helpful in such a prediction,'42' but no single variable is predictive on
its own.'8 Recent studies showed that in certain groups of patients, such as those with
adult hydrocephalus syndrome, there is no
good predictor of outcome.33 55 Also, idiopathic normal pressure hydrocephalus is a difficult area for outcome prediction,'9 but with
some encouraging reports.42
Often, an improvement after shunting is difficult to assess and may be very short lasting
and misleading in making comparison
between patients. Three components contribute to postshunt improvement: accurate
diagnosis, surgery, and shunt performance in
vivo.

For diagnosis, a hierarchy of examinations
and tests should form an integrated picture, in
which the pressure-volume study is only one of
multiple components. Clinical examination,
brain imaging (CT and MRI to assess white
matter lesions'855 in complicated cases), and
neuropsychological tests are essential to make
a proper decision about shunting. Pressurevolume testing should be preceded by
overnight ICP monitoring if suitable access
(Ommaya or Rickham reservoir) is available.
However, even after positive diagnosis, a shunt
may not resolve the clinical symptoms,
because of postsurgical complications, shunt
obstruction, or a mismatch between the
patient's own CSF circulatory reserve and the
shunt's pressure-flow performance. It has been
assessed that 30% of shunts develop failure
during the first year with a subsequent rate of
malfunction of 5% per year,52 giving a total
rate of shunt revisions of 80% within 12 years.
As shunt related complications are likely and a
pressure-volume study is a reliable test of
shunt function in vivo, a baseline measurement performed before shunting is very help-
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Figure 8 An overdrainage related to the nocturnal vasomotor waves; patient with the valve equipped with a siphon
control device (Delta, performance level 2). Two episodes of a strong, around 30 minutes long, B wave activity were
recorded (the raised ICP, pulse amplitude AMP, and the computer detected power of B waves). After each episode the
baseline pressure fell to negative values (0) for at least one hour.

ful. Also, some indications for choosing a par- extemal infusion into CSF spaces is balanced by its
ticular type of the shunt may be made using storage and reabsorption:
pressure-volume tests.
Production of CSF + external infusion =
Overdrainage related to posture56 57 may lead
storing of CSF + reabsorption of CSF
(1)
to serious complications,58-60 particularly in
Production of CSF is almost constant.61-63
patients with the combination of gross ventricu- Reabsorption is proportional to the gradient between
lar dilatation and a high pressure-volume index CSF pressure (p) and pressure in sagittal sinuses (p,,).
(> 26 ml). Therefore, siphon controlling
devices should be considered in such patients.
Reabsorption = P- P
(2)
R
Shunts having a high hydrodynamic resistance
(flow regulating, mitre valves, lumboperitoneal
Coefficient R is named the resistance to CSF reabshunts) should be avoided in patients with sorption or outflow (units: mm Hg/ml/min). Normal
value of this resistance is 6-10 mm Hg/ml/min.612 A
a low cerebrospinal compliance and large
above 12-13 mm Hg/ml/min can be
amplitude of ICP B waves recorded during resistance
interpreted as
Storing of CSF is prothe test or overnight. The opening pressure of portional to theraised.710111416
cerebrospinal compliance C (units:
programmable valves should be matched to the mm Hg/ml/min).
recorded resting CSF pressure with a
careful stepwise reduction in time to avoid subStoring = C. dp
(3)
dt
dural collections, and lead to normalisaThe
of
the
compliance
is
cerebrospinal
space
tion of ventricles and resolution of clinical inversely proportional to the gradient of CSF pressure
symptoms. Underdrainage is likely in rare Po (4).3435
patients with increased formation rate of
1
CSF or with very high resistance to CSF outC
(4)
flow (> 20 mm Hg/ml/min) in whom a flow
E. (p- Po)
regulating device, which is able to drain CSF
Some authors suggest that relation (4) is valid only
with a maximal rate 0 3 ml/min, is implanted.
above the certain pressure level named the "opitmal
MATHEMATICAL MODELLING OF CSF CIRCULATION

pressure"3637 64; however, this is still a point of some
dispute. Coefficient E is the cerebral elasticity (units:
ml-l). Elevated elasticity (> 0-18 ml-l) signifies

In normal conditions, without long term fluctuations of
the cerebral blood volume, production of CSF and

The reference pressure po is

Appendix

a poor

pressure-volume compensatory
a parameter

reserve." 1221

of uncertain
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Figure 9 Different techniques used for the analysis of the pressure-volume tests. (A) Example of CSF pressure recorded during an infusion test and a
modelling curve described by (6). The least mean square fit of the analytical curve to the real pressure enables an accurate measurement of the
compensatory parameters. (B) Example of the pressure response to the bolus injection of saline. Pressure is increasingfrom Pb to Pp after a very rapid
addition of volume (1). (C) Real volume-pressure relation detected during an infusion test. Volume load (1) is calculated as the balance of the volume
infused, produced, and reabsorbed during infusion. Pressure rise (y axis) is expressed as the ratio of actual pressure and baseline pressure. (D) Relation
between pulse amplitude (AMP) and mean pressure (P) recorded during the infusion test. This is one case in which the lower breakpoint, marked as P,,,
was detected. In such a case all equations (4-8) are valid only for P > P,,p, which is taken into account in the computer calculations (such a breakpoint
can be detected in 1-3% of infusion tests).

significance. Some authors suggest that it is a pressure in

(b) A bolus injection of CSF (volume A V):

venous compartment and may be equal to ps.37
Others assume that this variable can be neglected.3435

see

fig 8:

the

The relation (4) reflects the most important law of
the cerebrospinal dynamic compensation: the compliance of the brain decreases when the CSF pressure
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cal practice is:
(a) a constant infusion of CSF (I(t)
t < 0 and I(t) = Imf for t> 0): see fig 9A:
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where I(t) is the rate of external volume addition and Pb
is a baseline pressure.
Equation (5) can be solved for various types of external volume additions I(t). The most common in clini-

po
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L

The analytical curve (6) can be matched to the actual
recording of the pressure during the test, which results in
accurate estimation of unknown parameters: R, E, and
PO.

EAV

I

Combination of (1) with (2) and (4) gives
equation (5):
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The bolus injection can be used for calculation of the
so-called pressure-volume index (PVI), having an
intepretation of the volume added externally to produce the tenfold increase in the pressure3435:

def

AV

PVI =

Pp-Po
log'o

Ph

1

PVI

0 434. E

(8)

PO

inverse of the brain elasticity E.
PVI is theoretically
The pressure-volume compensatory reserve is insufficient when PVI < 13 ml. The value of PVI above 26 ml
signifies an "overcompliant" brain.
The formula (7) for time t = 0 describes the shape of
the relationship between the effective volume increase
A V and the CSF pressure, called the pressure-volume
curve (see fig 9C):
an

P

=

Pb- po).

eEA V+ p

(9)

Finally, the equation (7) can be helpful in theoretical
evaluation of the relationship between the pulse wave
amplitude of CSF pressure and the mean CSF pressure. If we presume that the rise of the blood volume
after a heart contraction is equivalent to a rapid bolus
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AMP=pP-Pb=(Pb-pO) .(e

_

1)

(10)

In almost all cases, when the CSF pressure is being
increased by extemal volume addition the pulse amplitude is rising. The gradient of the regression line
between AMP and p is proportional to the elasticity.
The intercept, theoretically, marks the reference pressure po. The mathematical modelling of CSF dynamics
has several applications. In all pressure-volume testing
techniques model (5) is identified using various
algorithms and various volume-adding techniques:
rate
pressure-controlled servoinfusion, 65 66 constant rt
infusion,933 bolus injection,203536 multiple rate perfusion,54 computer controlled drainage,67 etc.
The presented model has, however, limited scope: it
cannot interpret dynamic interactions between the rising CSF pressure, expanding ventricles, and cerebral
blood volume. More complex,68 or even multicompartmental (Blood-CSF), dynamic models are helpful in
simulation of such phenomena.69-7'
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pulse amplitude (AMP) can be expressed as:
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