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Cerebrospinal fluid hydrodynamic studies in children
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SUMMARY CSF-hydrodynamic investigation using the constant pressure infusion method was used

in children. The CSF resting pressure was recorded and the CSF formation rate was measured. The

conductance of the CSF outflow pathways and the pressure in the sagittal sinus were calculated. The
method was used in children with suspicion of disturbed CSF hydrodynamics due to various neu-

rological and other conditions. The method is applicable in paediatric neurological diagnostics and
provides information for further understanding of the mechanisms behind cranial hypertension.
The following mean values are offered as reference values in clinical work and in further research in

this field: CSF-resting pressure I 3 kPa, sagittal sinus pressure I - kPa, pressure difference across

arachnoid villi 0O5 kPa, conductance ofCSF outflow pathways 22-6mm3 kPa- 1s-1, CSF formation
rate 6 8 m3s- 1.

The physiology of the CSF has been extensively
reviewed by Welch1 and the physics of the cranial
cavity by Hakim etal.2 The knowledge pertaining to
CSF-hydrodynamics in children is however relatively
limited. Rubin et al,3 Cutler et al4 and Lorenzo et al5
used perfusion techniques, and Katzman and Hus-
sey,6 Bird et al,8 Di Rocco et al9 and Caldarelli et al°
used the constant rate infusion method in
investigation of children with different intracranial
disorders. Ekstedt11 12 introduced the constant pres-
sure infusion method which give more data of the
pressure-flow conditions of CSF than previous
methods. The method has been employed in adults by
Ekstedt and Friden 3 and Ekstedt.'4 It has also been
used in a modified version in infants by Portnoy and
Croissant.15 16
The aims of the present investigation were to evalu-

ate further the constant pressure infusion method in
CSF hydrodynamic studies in children, to determine
the reference hydrodynamic variables and to map out
some of the CSF hydrodynamic characteristics in
various illnesses in children.

Methods

The fundamental features of the method are shown in fig 1.
Lumbar puncture was performed with the child sitting in the
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nurse's lap. The child was usually investigated without gen-
eral analgesic or sedative medication in order not to disturb
the physiological conditions but local anaesthesic was care-
fully injected into the skin and into the interspinal ligament
before the lumbar puncture. For infants up to twelve months
of age modified scalp vein needles were used. Prior to the
lumbar puncture, the scalp vein needle was bent at the end to
prevent insertion ofcutaneous material into the lumens. The
needles were joined to the connecting tubes, and needles and
tubes were filled with artificial CSF.12 A suitable needle pos-
ition could then be established with the aid of the analogue
recorder, which operated pulse synchronously when the
needle's lumen was well positioned in the subarachnoid
space. One needle was in constant connection with the sub-
arachnoidal space for measurement of the actual CSF press-
ure, another needle was used for infusion. Puncture was usu-
ally performed with both needles inserted into the same
interspace (L3-4 or L4-5). The scalp vein needle tubes were
fastened with tape on to the patient's back; the child then
was carefully placed in the supine position in a specially con-
structed bed with a hole for the two lumbar needles in the
canvas bottom. For older children disposable needles were
used having a diameter of 0-7 or 0-9 mm. From 6-7 years of
age the children were placed in a specially constructed chair,
changeable to a bed.12

It is of importance that no CSF is lost during insertion.
Any CSF loss causes a decrease in the pressure and must,
therefore, be replaced with artificial CSF. For the same rea-
son it is also important to avoid leakage of CSF due to
multiple punctures of the meninges.

For registration of the basal CSF hydrodynamic variables
it is necessary that the child lies supine. The child must lie
still for 3-4 hours for a complete investigation. In many
cases this has not caused any problems thanks to the supine
position and to the presence of nurses or parents. An
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Figl1Experimental situation in the CSFhydrodynamic
investigation. The child is lying in the supine position with two

lumbar needles (A and B) in the subarachnoidal space. A

tubefilled with artificial CSF connects the needle A to a

transducer C. The other needle, B, is in the same way

connected to transducer D. An air-pressurized bottle
containing artificial CSF, F, is connected to B through a

stopcock. The pressurefrom the airpump, G, is maximised
through an air leak valve at H. The transducers C or D
govern the cerebrospinalpressure regulator, I, which delivers
the power to the airpump G. Flow is calculated by weighing
the bottle in the strain gauge balance, J, in which the bottle is
hanging with afishing line, K. The results are given
graphically with a multi-pen recorder, L. The reference level
chosen, M, is the sagittal midpoint of the cranium.

investigation of this length cannot be performed in the lat-
eral recumbent position because of inability to lay still. In
some cases, the children moved too much and changes in
position of the needles caused undue leakage of CSF. In
these cases another examination had to be performed later.
The zero reference point was the sagittal midpoint of the

skull. This corresponds fairly well with the centre of the right
atrium when the patient is in the supine position.
The CSF resting pressure was recorded until a stable

pressure level was reached. Usually this occurred within 30
minutes. Thereafter the bottle containing artificial CSF was
connected and the pressure adjusted to about kPa above
the resting pressure. The flow rate was estimated indirectly
by continuously recording the weight of the bottle. When a
constant pressure and flow rate was achieved after approxi-
mately 5-10 minutes the infusion pressure was increased
stepwise by 0 5 or I -0 kPa. In this way 5-8 related pressure-
flow values were obtained in each investigation (fig 2). The
slope of the regression line corresponds to the conductance
of the CSF outflow pathways, that is the ease with which
CSF leaves the subarachnoidal space.

Subsequently the infusion was stopped and the pressure
was allowed to return spontaneously. The pre-infusion value

537
was usually the level then attained. In some cases, when the
children were still co-operative, the investigation was con-
tinued with CSF formation rate recording. By lowering the
pressure in the bottle to 0-25-0-4kPa, an outflow of CSF
into the bottle was obtained (fig 3). All the CSF formed was
assumed to be drained into the bottle.
Lumbar puncture is considered to be contra-indicated in

some instances of increased intracranial pressure such as
suspected posterior fossa mass lesions and in acute epidural
haematomas. Our investigations have been done with
respect to this. Cases with risk of developing herniation
either have not been examined or have been investigated in
collaboration with a neurosurgeon and special care has been
taken in these cases just to register the pressures, not to
change the existing equilibrium.
SI units have been used throughout and the following sym-
bols are used:
Pcr= lumbar resting CSF pressure, kPa
PS= sagittal sinus pressure, kPa
Pdop = pressure difference across outflow (arachnoidal villi),
kPa
G = conductance of CSF outflow pathways,
mm3kPa-is-I
qf = CSF formation rate, mm3s-1
1 kPa = 7-5 mm Hg = 102 mm H20
1 mm3kPa-1s-1 = 6-10-3 ml (cmH20)1 =8-10-3
(mm Hg)-1min1

Material

Three hundred and fifteen measurements were performed on
232 children with an age range of 2 days to 15 years. In 70
instances an investigation including infusion of artificial
CSF was performed. In 18 children the CSF formation rate
was also measured. In 245 cases recording entailed only
pressure measurements.
The indication for the investigation was always suspicion

of disturbed CSF hydrodynamics. Many of the children
were examined several times. Some results were obtained
from measurements after therapeutic procedures. The
investigations were all done on clinical grounds and the
parents, and when old enough the children, gave their
informed consent for participation. The University Ethics
Committee of Umea approved the project.

Results

The CSF hydrodynamic parameters
The CSF pressure varied synchronously with pulse
and respiration. The amplitude increased with
increasing CSF pressure. When the CSF pressure was
raised from 10 to 2-5 kPa the amplitude increased
from 0-2 to 0-5 kPa in children with fontanelles and
sutures open. In children with closed fontanelles and
sutures the amplitude increased from 0 3 to 0-8 kPa
when the CSF pressure was raised in the same way.
The mean between the highest and lowest amplitude
was read and that value of the CSF pressure was used
in the following.

In the majority of the recordings there was a linear
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Fig 2 Parts oftwo actual recordings. a. is the end of the resting pressure period and thefirstfew minutes of the CSF
infusion. b. is part ofanother infusion at three different pressure levels. To make an analysis ofthe curves possible the
pressure traces were separated by 1 kPa. The scale of the ordinate refers to thefiltered curve. At regular intervals the
unfilteredpressure was recorded to confirm an optimal needle position. When a stable resting pressure level was reached
the bottle containing artificial CSF was connected and the pressure was adjusted to I kPa above the resting pressure.
The CSFflow rate was estimated by recording the weight of the bottle. When constant pressure andflow rate was
achieved the pressure was again increased by I kPa etc, until 5-8 alliedpressure-flow-rate values were obtained. Note
that the time axis in b. is altered during the third infusion period. Upward movement ofthe bottle weight curve means
infusion ofCSF into the patient.

relationship between CSF pressure and flow (fig 4).
There was a linear relationship between pressure and
flow also in many cases considered as pathological in
their CSF hydrodynamic (fig 5).
"Normal" CSF resting-pressure (P,1,). As mentioned
above quite healthy children have not been examined
for ethical reasons. The distribution of the CSF rest-

ing pressure in 315 investigations of 232 children of
various ages and with different diagnoses is shown in
fig 6. Further examinations and clinical observations
for several years of 18 of these children did not reveal
illness that might influence CSF or blood flow. The
result of the studies of these cases is summarised in
table 1. The CSF resting-pressure 5-95% range was
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Fig 4 Pressure-flow diagramfrom an eighm
(case 20) considered to be normal as regard
hydrodynamics. CSFpressure on the absciss
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The corresponding values were read in stead
rectilinear relation between pressure andflo
line offlow on pressure that is the conductan
outflow pathways had been calculated accor
formula given in the text. The horizontal lini
abscissa represents the actual CSFformatio
intersection of this line and the regression li*
artificial pressure obtained if there were no (
and thus no outflow through the arachnoidal
pressure of the CSF recipient which is mains
sinus.

1 O-1 -6 kPa. The mean was 1-3 kPa. In the actual age
interval (one month to eight years) no age
dependency was seen.
Conductance of the CSF outflow pathways (Gop). The
distribution of 69 calculable and conceivable values
for conductance of the CSF outflow pathways is

u shown in fig 7. The conductance 5-95% range was
20W 3-4-38-9_ mmkPa-'s-. The mean was 1522g0 3ka38 'smkPas

~^ . ~ ^ CSFformation rate (qf). The CSF formation rate was
studied in 18 children between two months and 15
years of age (table 2). At a pressure level of 0-25 kPa

~4 87 90
the registered CSF production ranged from 2-0 to
12-8 mm3s- 1. In one girl with a radiologically

nent of the CSF confirmed stenosis of the aqueduct a CSF formation
intanedfor 20 rate of 0 8 mm3s- was recorded. The mean value of

citedtfom the the CSF formation rate in the other 17 investigated
(ownward going cases was 6-8 mm3s- l (5-95% within 3-0-10-0

mm3s 1).
Pressure difference across the CSF outflow pathways
Wd,p). The pressure difference across the arachnoid
villi was calculated with use of the formula Pdop =
qf/G,p0. In the 17 cases where the recorded qf can be
used (see above) the Pdop 5-95% range was
02-1 0 kPa and the mean 0 5 kPa (table 2).
Sinus sagittalis pressure (P.). The sagittal sinus press-
ure had in the 17 cases where Pdop was calculable (that
is cases in which qf was recorded), a mean of 1 1 kPa
(table 2).
CSF hydrodynamics in various disorders. A CSF
hydrodynamic study (or a CSF resting-pressure
recording) was performed when any disturbance in
the CSF hydrodynamic was suspected. The exact clin-
ical diagnosis was not always elucidated prior to the
examination. The results obtained in the CSF hydro-
dynamic or static study thus had an influence on the
final diagnosis. The usefulness of the method in
confirming a particular diagnosis can, for this reason,
unfortunately not be evaluated.

5 a 6 kPa Communicating hydrocephalus. Ninety children with
40 mmHg communicating hydrocephalus between 2 months and

11 years of age was examined. Thirty-nine children
were examined after implantation of a shunt system.months old boy The CSF resting-pressures were in nonoperated cases

Ia. CSF inflow and in cases without functioning shunts raised to a
i the ordinate. level of 1-9 to 3-2 kPa. The highest obtained resting-
y state. There is a pressure in patients with open fontanelles was
w. The regression 2-8 kPa. CSF hydrodynamic data from six
ce ofthe CSF investigations are given in table 3.
ding to the Spontaneously arrested hydrocephalus. Of the 90 cases
e below the with a communicating hydrocephalus 25 cases were
?nrate. The considered probably spontaneously arrested. Most of
ie represents the the children had a psychomotor development within
villi, that is the normal limits but cases with myelomeningocele, mul-

ly the sagittal tiple congenital malformation, severe and mild psy-
chomotor retardation were also represented. All the
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Fig 5 Pressure-flow diagramsfrom two children with increased CSF resting pressure. In case 60, the conductance is high, in
case 86 the conductance is low, in both cases the pressures in the sagittal sinus are increased.

U CSF resting pressure

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 KPa

Fig 6 Distribution of the CSF resting pressure in 316 investigations. The shaded values correspond to 18 cases

considered to be healthy on the basis ofCSFand bloodflow.

children had at some time an accelerated head growth
and all had enlarged ventricles in neuroradiographic
examinations or on echoencephalography. CSF
infusion data in eight children with spontaneously
arrested hydrocephalus are shown in table 4.
Non-communicating hydrocephalus. In one child with
intraventricular obstruction, according to radio-
graphy performed later, a CSF resting pressure of
2 0 kPa and pulse synchronous variation of 0 05 kPa
were recorded.
Macrocephalus. In nine children, four months to four

years of age, a large head circumference was the main
indication for examination. Many of the children had
a positive heredity according to large heads. The psy-
chomotor development was normal in seven of the
children, slightly retarded in two. Echo-encephalo-
graphy or pneumo-encephalography revealed normal
sized ventricles. CSF resting-pressures between
0 9 kPa and 11-5 kPa were registered. CSF infusion
data in four children with macrocephalus are given in
table 5.
Subdural hematomas. Eight children with subdural
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Fig 7 Distribution ofthe conductance of the CSF outflow
pathways in 69 investigations. The shaded values correspond
to 36 cases with a CSF resting pressure between 1 0 and
1 6 kPa (5-95 per cent distribution).
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hematomas were investigated I to 3 months after
obvious or suspected skull trauma. Data from CSF
hydrodynamic studies in five of the children are given
in table 6.
Craniosynostosis. Twelve patients with craniosyno-
stosis were examined. The synostoses were either part
of Apert's syndrome (two cases), Crouzon's disease
(two cases) or isolated premature synostosis of sutura
sagittalis (eight cases). In three cases the synostosis
was the result of overfunction in a shunt system.
There was papilloedema of 1-3 diopters in four cases.

The results of the CSF hydrodynamic studies before,
and in six cases also after, operation of the cranio-
synostosis are given in table 7.

Table 1 Age, CSF resting pressure, conductance and symptoms/diagnoses in 18 children considered as healthy on the basis of
CSF and bloodflow

Case number Age, months, years Pc, kPa G0P mm3kPa 15-1 Symptoms/diagnosis

2 1 m 1 1 - muscular hypertonia
7 5 m 1 3 - psychomotoric retardation

15 6 m 0-9 - macrocephalus
16 6 m 09 - diadystrophic dwarf
21 8 m 1-5 - accelerated skull growth
22 8 m 1-4 5-8 psychomotoric retardation
24 9 m 1-4 - accelerated skull growth
27 10 m 1 0 - cerebral palsy
28 10 m i 2 5-8 microcephalus and microophtalmi
29 10 m 1-5 - macrocephalus
30 11 m 1-3 - dysostosis cleido-cranialis
31 11 m 1 6 - psychomotoric retardation
36 16 m 1 4 - psychomotoric retardation
37 16 m 1i2 - macrocephalus
38 17 m 1-4 - noctum episodic hypoventilation
54 4 y 1-8 - psychmotoric retardation
56 5 y 1 1 10.2 "failure to thrive"
73 8 y 1-6 - epilepsy (without actual seizures)

5-95% within 1-0-1-6 kPa. Mean resting pressure 1 3 kPa.

Table 2 CSFformation rate (at O25-04 kPa) and other CSFhydrodynamic data in 18 children with different diagnoses two
months to 15 years old

Case Age qf Pclr Gop Pdop P. Symptoms/diagnoses
number months, yr mm3s-I kPa mm3kPa-1s-'kPa kPa

4 2 m 3-9 1 5 3-3 1i2 1 1 communicating hydrocephalus
18 7 m 3.8 1-5 11-4 0 3 1.2 spontaneously arrested hydrocephalus
17 7 m 7-1 1-6 14-8 0-5 1 1 communicating hydrocephalus
20 8 m 8-9 1 4 36 1 0 3 1-2 spontaneously arrested hydrocephalus
25 9 m 8-0 1 5 7 9 1.0 0 5 spontaneously arrested hydrocephalus
13 9 m 7 7 1 5 38-9 0-7 1-7 craniosynostosis
44 2 y 12 8 1-5 49-6 0-3 1-2 macrocephalus
45 2 y 47 2-4 6-9 07 1-7 communicating hydrocephalus
50 3 y 7 1 1-5 38-0 0-2 1-3 communicating hydrocephalus
57 5 y 7-2 1-7 25-8 0 3 1-4 communicating hydrocephalus
58 5 y 2-0 1 1 11 7 0-2 0 9 psychomotor retardation
66 7 y 0-8 09 7 8 0 1 0 8 aqueductstenosis (postop)
76 8 y 7 1 1-4 30-2 02 1-2 spontaneously arrested hydrocephalus
77 10 y 7-7 2-3 13 1 0-6 1-7 communicating hydrocephalus
79 1 1 y 10 0 1 7 13 9 0-7 1.0 spontaneously arrested hydrocephalus
83 12 y 69 1-2 47-2 0 1 1.1 macrocephalus
84 13 y 8-0 1-3 14-1 0-6 0 7 cystic malfonnation in velum

interposition
85 15 y 3-0 1 5 10-7 0 3 1 2 subdural hematoma (postop)

5-95% of CSF fonnation rate within 30-10-0mm3s-1; mean 6-8 mm3s-1
5-95% of pressure difference across the CSF outflow pathways within 0 2-1 0 kPa, mean 0 5 kPa (case 66 excluded).



Table 3 CSFhydrodynamic data in six non-shunted children with communicating hydrocephalus

Case Age P | G.P qf Pd.p P.
number months, yr kPa mn3kPa -Is- mm3s'1 KPa KPa

6 3 m 2-1 124 (6.8) [061 [1.6]
12 5 m 2-1 2-9 (6-8) [2 3] [-0-2]*
33 12m 2-0 59 (68) [121 [08]
45 2y 2-4 6-9 4-7 07 1 7
63 6 y 2 5 8-0 (6 8) 1[09] [1-6]
77 joy 2-3 13-1 7-7 0-6 1-7

( ) = estimated value, [ ] = calculated from estimated value
*a negative P., is not probable and due to the estimated value of qf.

Table 4 CSFhydrodynamic data in eight children with "spontaneously arrested hydrocephalus"

Case Age P Ir G0P qf Pdp P.
number months, yr kPa nmu3kPa-s-I nm3s-I KPa KPa

10 4m 10 16-9 (68) [04] [06]
17 7m 1-6 14-8 7-1 0.5 1.1
18 7m 15 114 3-8 03 12
18 14 m 1-3
19 7m 10 11 1 (68) [06] [04]
20 8m 14 36-1 8-9 03 1-2
39 17 m 1-4 33-4 (6 8) [0-2] [1.2]
42 18 m 1-3 119 (68) [0-6] [07]
76 8 y 1 4 30-2 7-1 0-2 1-2

( ) = estimated value, [ ] = calculated from estimated value.

Table5 Head size in standard deviation (SD) compared with the reference valuesfor the Swedish population"8 and CSF
hydrodynamic data infour children with macrocephalus

Case Age Head Pcr GOP qf Pdop P.
number months, yr size SD kPa mm3kPa-1s-5 m 13s- KPa KPa

9 4 m +3 1-1
9 5 m +3 1-4 3 9 (6 8) [1-7] [-0.3]*
14 5m +25 1.1 108 (68) [06] [05]
41 18 m +3 1.0 20-4 (6 8) [0 3] [0-7]
44 2y +3 1 5 49-6 128 03 1 2

( ) = estimated value, [ I = calculated from estimated value
*a negative P,. is not probable and due to the estimated value of qf.

Table 6 CSFhydrodynamic data in five children with subdural effusions

Case Age Pctr GOP qf Pdop P.
number months, yr kPa mm3kPa-'s-1 mm3s'I KPa KPa

26 9 m 1-2 19-4 (6-8) [0.4] [0 8]
32 11 m 0-7 6-0 (6.8) 1.-0] [-03]*
61 (postop) 6 y 0-6 32-9 (6.8) [0-2] [0-4]
61 8y 0-6
78 joy 1.5 29-5 (6.8) [0.2] [1.3]
85 15y 1 5 10-7 30 03 1-2

( ) = estimated value, [ ] = calculated from estimated value
*a negative P,, is not probable and due to the estimated value of qf.

Complications to the CSF hydrodynamic investigation
In three children symptoms of intracranial hyper-
tension appeared after the examination. All three chil-
dren had malfunctioning shunt systems. One girl
operated for myelomeningocele after the termination
of a CSF hydrodynamic investigation showed leakage

of CSF in the back through the puncture canals of the
needles.
Four children acquired symptoms indicating men-

ingitis. In one of them staph. albus was isolated from
the CSF. In the three other cases no bacteria were
shown and the equipment and the fluids used were in
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Table 7 CSFhydrodynamic data andpresence ofpapilloedema in 12 children with craniosynostosis

Case Diagnosis (operation) Age, Papilloedema P.,, GOP qf Pdop P.
number months, yr kPa mm3kPa- s-I MM3s- 1 kPa kPa

5 Apert's syndrome 2 m - 1 6
5 ,, 3 m - 13 4-3 (68) [1-6] [_0.3J*

40 ,18m + 23
49 Crouzon's disease 2 y 7 m + 3-3 23-5 (6.8) [0.3] [2.9
49 ,, (craniotomy) 3 y - 13
70 ,, 7 y - 44 8 8 (6-8) [0-8] [3-6]
52 Stenosis of the sagittal

suture 3 y 7 m + 3-2 13-0 (68) [0 3] [2.7]
52 ,, (craniotomy) 4 y - 15
8 ,, 3m + 15
8 ,, (craniotomy) 6 m - 1-3
13 ,, 5m - 12
13 ,, 9m - 12 194 (68) [04] [0.8]
13 ,, 11m - 1 5 38-9 7-7 1-3 0-2
46 ,, 2y + 2-0
47 ,, 2y - 1-7
87 ,, 5y - 1 5
68 ,, 7y - 1-6
65 ,, (shunting) 4 y - 0-8 10 5 (6-8) [0-6] [0 2]
65 ,, 6y - 25
65 ,, (craniotomy) 7 y - 14

( ) = estimated value, [ ] = calculated from estimated value
*a negative P,S is not possible and due to the estimated value of qf.

all cases sterile; in two of the cases, however, the
infusion fluid proved to contain pyrogens. All
patients recovered fully.

Discussion

1 THE CONSTANT PRESSURE INFUSION METHOD
IN CHILDHOOD
Increased intracranial pressure is a serious condition.
It may cause mental and/or neurological deterio-
ration and also death. An early and unequivocal diag-
nosis of increased intracranial pressure is important
both in the neonatal period and later on. Compli-
cations of shunt treatment are common and some-
times difficult to recognise. The CSF hydrodynamic
examination must, together with other methods, be
evaluated in this context.
Some authors have tried to obtain information on

the CSF hydrodynamics by non-invasive methods.
Thus Edward"9 used a modified Schiotz tonometer,
Blaauw et al.20 used a stethoscope connected to a
pulse-pickup and Wealthall and Smallwood2" used
an applanation tonometer to the intact fontanelle in
an attempt to record the intracranial pressure. The
latter method has been used by others22 -26 but it is
restricted to small children and gives information
only related to the CSF pressure; no information is
obtained on other CSF hydrodynamic parameters.

Several invasive methods have been used to identify
raised intracranial pressure. Minns27 lists the follow-
ing: open ended manometric method ofCSF displace-
ment, Hopperstein's balloon in the subdural or sub-
arachnoid space, pressure-indicating bag, transducer
device situated within brain tissue, implantable minia-

ture pressure transducer for epidural measurement,
completely inplantable telemetry transducer and
catheters into ventricle or needling ofPudenz or Rick-
ham system and connection to a strain gauge trans-
ducer. Most of these methods are complicated and
require neurosurgical intervention.
We used the constant pressure infusion method in

children of different ages. The examination was
employed without general anaesthesia but necessi-
tated time and patience from both the child and the
staff. The dimensions of the needles must not be too
small. The position of the needles must be correct and
stable throughout the whole investigation. Owing to
physical (such as kyphoscoliosis), psychological or
technical reasons this was not always achieved. In the
youngest children with open sutures the skull was
very compliant. Any elevation of the intra-cranial
pressure in these cases directly resulted in an
increased skull volume.

2 THE NORMAL CSF HYDRODYNAMIC VALUES IN
CHILDREN

The CSF resting pressure
The CSF resting pressure in our "healthy" children
aged 1 month to 15 years had a 5-95% range of
1O 1-6 kPa with a mean of 1-3 kPa.
There are relatively few reports of the CSF resting

pressure in normal children. Quincke28 in 1902 gave a
value in mm Hg comparable to 0-5 kPa. Sidbury29
gave figures comparable to 0-30-7 kPa, Levinson30
0-1-0-8 kPa, Munro3l 0-3-0-8 kPa, Lups and Haan32
04-1 0 kPa, Brock and Dietz33 less than 1-3 kPa,
Minns and Brown34 less than 1 6 kPa, Di Rocco et al9

Cerebrospinalfluid hydrodynamic studies in children 543



Table 8 CSFhydrodynamic 5-95% range and mean values in 15 children with "normal" CSFresting values and in 58 normal
adults' 2

PClr G.P qf Pdop P.
kPa mm3kPa -'s mm3s- kPa kPa

Children
5-95%
range 10-1 6 69-47.2 30-10-0 01-10 07-1.7
mean 1 3 22-6 6-8 0-5 1 1
Adults
5-95%
range 1.2-1-8 120-26-0 45-9.5 03-0-6 0-7-1 4
mean 1 4 18-0 67 0-4 1 0

less than 1 9 kPa, Foltz3" less than 1 4 kPa and Port-
noy and Croissant36 and Bell and McCormick37 less
than 1 8 kPa. The methods used and the number and
age of the investigated children are not always
specified but the given values have been used as
references.

Several authors have recorded the anterior fon-
tanelle pressure in normal newborn children with the
aid of non-invasive techniques. Thus Welch38 by tilt-
ing the child and recording the position in which the
fontanelle flattened estimated the normal intracranial
pressure in ten children to 0 4 + 0-2 kPa. Salmon
et al25 by using an applanation transducer determined
the normal intracranial pressure in newborn infants
to 1-0 + 0 2 kPa, Robinson et a124 used the similar
technique and reported values of 1-5 + 0-4 kPa and
Vidyasager etal23 found values of 1 4 + 0-1 kPa.
Donn and Philips26 in 18 preterm infants recorded a

significant increase of the anterior fontanelle pressure
from birth to age 24 hours and a significant decrease
by 48 hours of age 1-4 vs 2 4 and 1 4 kPa).
The pressure recorded through the anterior fon-

tanelle is influenced by the elasticity of meninges, sub-
cutaneous and cutaneous tissue. However, both
Vidyasager and Raju,22 and Donn and Philip26 claim
good correlation between the pressure obtained over
the anterior fontanelle and the CSF pressure mea-
sured during ventricular tap and lumbar punctures.

In most earlier studies the CSF pressure was

recorded immediately after insertion of the needle. In
that situation the child may be anxious and the CSF
pressure elevated. If, on the other hand, the child is
squealing or hyperventilating the CSF pressure may
be decreased. The earlier use of open manometry and
subsequent loss of liquor may be another factor
influencing the results.
Our investigations have been done in strictly iso-

metric conditions at the end of a recording period of
30-60 minutes with the child relaxed in the supine
position. The 5-95% range (10-16 kPa) and the
mean (1 3 kPa) of the CSF resting pressure in our chil-
dren are compatible with the values for normal adults
(1 2-1-8 and 14 kPa), respectively, given by Ekstedt;
(table 8).

The normal CSF pressure conditions, especially in
newborn infants, need further investigation. The
whole concept of "normal" CSF pressure is under
discussion. Adams etal39 pointed out that the force
on the wall of a fluid-filled container is equal to the
product of pressure and surface area over which the
pressure is exerted. Thus, in addition to the CSF
pressure recorded, the size of the ventricles is of
importance when considering any damaging effect on
the surrounding brain. The exact size of the ventricu-
lar system, has, however, not been determined in the
children in the present study.

The conductance of the CSF outflow pathways
Information on the conductance of CSF outflow
pathways in normal children is not available in the
literature. The conductance in three "healthy" chil-
dren in the present study was 5 8, 5-8 and 10-2
mm3kPa- 's-' (table 1). In cases with different diag-
nosis but with CSF resting pressure within the "nor-
mal" range 1 0-1 6 kPa the conductance ranged
2-038-9 mm3kPa-'s'- (fig 7).

Cutler et al4 using the ventriculo-lumbar perfusion
technique in examining eight children with subacute
sclerosing panencephalitis and four children with
pontine gliomas found a conductance of about 13
mm3kPa- 1s-' and Martins40 using the constant
infusion technique in seven patients (age and diag-
nosis not given) found a conductance of 8-24
mm3kPa 1s-1 Portnoy and Croissant 5 in nine chil-
dren with myelomeningocele and hydrocephalus
investigated with a constant CSF pressure method
before shunting found a conductance of 6-3-38-6
mm3kPa- 's-'. Caldarelli eta1 used the sub-
arachnoidal infusion test in three groups of children.
In one group of 28 non-shunted hydrocephalic
children they found a conductance of 2-8-11-6
mm3kPa- s- . In another group of 21 children with
a diagnosis of cerebral atrophy the value of the con-
ductances fluctuated from 6 7 to 21 1 mm3kPa- 's-
and in a third group of 10 children with crani-
osynostosis or microcephalia conductance values
between 4-0 and 12-7 mm3kPa- s- were obtained.

In all these cited investigations the values for con-
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ductance or resistance have been given in other unit
values but are by us recalculated as conductance in SI
values. Ekstedt"4 gave the following values for con-
ductance in normal adults: 12-26 mm3kPa- 1s- l.
Our figures seem to be in quite good agreement

with the results of the cited authors.The wide range of
the values probably depends on the compliant skull in
young children.

CSFformation rate
The 5-95% range of the CSF formation rate found in
the present study in 17 children with different diag-
noses (table 2) was 3-0100 mm3s-' with a mean of
6-8 mm3s-

The CSF formation rate in quite healthy children is
not given in the literature. Using perfusion techniques
in 12 hydrocephalic children Lorenzo et al found a
CSF formation rate mean value of 5.0 mm3s- 1 and in
eight hydrocephalic children Page et al4 found a
mean value of 4-6 mm3s- 1. Portnoy and Croissant'5
using a constant pressure drainage method in nine
children with myelomeningocele and hydrocephalus
found a mean CSF formation rate of 4-8 mm3s
An elevated CSF pressure may reduce the CSF for-

mation rate but in one ofour cases with a CSF resting
pressure of 2-4 kPa the CSF formation rate at
025 kPa was 7*7 mm3s- 1 (table 2).

Conclusions regarding any relation between the
CSF formation rate and the age and diagnoses cannot
be drawn from this limited material. In normal adults
Ekstedt'4 found a 5-95% range of 45-995 mm3s- I

with a mean of 6-7mm3s- 1 + 1-4 (SD). The mean
value for children in the present investigation is very
similar.

The pressure difference across the CSF outflow
pathways
The normal value of the pressure difference across the
CSF outflow pathways in children has not so far been
known. The mean values in 17 of our children (with
known CSF formation rate, table 2) was 0-5 kPa with
a 5-95% range of 0-2-1 0 kPa. Ekstedt'4 in normal
adults obtained the comparable values 0-4 and
0-3-036 kPa, respectively.

The pressure in sinus sagittalis
A simple, safe method for directly registering the
pressure in sagittal sinus is desirable but so far not
available. The pressure in sagittal sinus can be calcu-
lated from the recorded values of resting pressure,
conductance and CSF formation rate (see above).
Any inaccuracy in these will be reflected in the value
of the pressure of sinus sagittalis. When a fixed esti-
mated value of the CSF formation rate of 6-8 mm3s- 1
is used, the calculated przessure in sagittal sinus will
sometimes be negative. A negative sagittal sinus pres-
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sure is not probable. The CSF formation rate has in
such a case been incorrectly estimated. With another
value of the CSF formation rate the calculated pres-
sure in sagittal sinus becomes positive. The number of
investigations including CSF formation rate record-
ing and thus including a "true" value of the pressure
in sinus sagittalis is too small for a conclusion to be
drawn. The distribution and mean (04-1.7 kPa, 1 1
kPa) are, however, in agreement with comparable
values (0-7-1-4 kPa and I10 kPa) in normal adults.14

The CSF hydrodynamic variables in children
The 5-95% range and the mean values of the hydro-
dynamic variables for some children are summarized
in table 8. It must again be underlined that the
"healthy" status concerning the CSF hydrodynamic
in our children (table 1) is probable but not proven.
As there are no comparable figures for healthy chil-
dren and figures for normal adults'4 are also given.
When making a comparison one must remember the
differences in the subjects studied. However, there
seems, in general, to be good agreement between the
different CSF hydrodynamic values in those children
and normal adults. The figures may be used as pro-
visional reference values in clinical work.

3 THE USE OF THE CONSTANT PRESSURE
INFUSION METHOD IN NEUROPAEDIATRICS
A suspicion of increased intracranial pressure can be
confirmed or sustained by a CSF resting pressure
recording. Sometimes, of course, borderline results
are obtained. A complete CSF hydrodynamic
investigation gives information also of the conduc-
tance and the formation rate of the cerebrospinal
fluid and indirectly of the pressure over the CSF
outflow pathways and in the sagittal sinus.
A mixed group ofchildren, like the one investigated

by us, must be heterogeneous from the CSF hydro-
dynamic point of view. The relatively small number of
patients in the different groups of diagnosis do not
permit statistical analysis. Certain conclusions can,
however, be drawn. The age for closing of fontanelles
and sutures varies.42 The age at closing is probably
more important than the chronological age when con-
sidering the CSF hydrodynamics. In children with
open fontanelles and sutures the highest recorded
CSF resting pressure was 2-8 kPa while in cases with
closed fontanelles, CSF resting pressure up to 4-3 kPa
as well as plateau waves at 12 kPa were recorded.
Owing to the damping effect of compliant skull and
pulse and respiration synchronous pressure variations
were smaller in children with open fontanelles and
sutures than in those with closed ones.

Communicating hydrocephalus
Our children with a non-shunted communicating
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hydrocephalus (table 3) had elevated CSF resting
pressures and rather low conductances and either a
somewhat elevated pressure difference across the CSF
outflow pathways (cases 12 and 33) or elevated press-
ure in the sagittal sinus (cases 6, 45 and 77) or a com-
bination (case 63) with some elevation of both these
pressures. This is in accordance with what has been
found by Portnoy and Croissant'6 using essentially
the same method. A hydrocephalus must not always
be caused by a defect in the cerebrospinal fluid system
but may be caused by an elevated pressure in sagittal
sinus which in turn may be caused by thromboses in
the veins. It seems reasonable that those who would
respond favourably to compressive head wrapping43
would be those with elevated pressure in sagittal
sinus.

Spontaneously arrested hydrocephalus
Di Rocco et alP discussed the definition of "arrested"
hydrocephalus and stated that when the size of the
intracranial spaces containing CSF stops an abnor-
mal progressive dilatation and follows the normal
rate increase related to growth, the hydrocephalus
might be regarded as "arrested".
Hagberg and Naglo44 in a study of 45 conser-

vatively managed hydrocephalic children concluded
that conservative management was justifiable during
the first 5-6 months of life in slowly progressive cases
but no longer if the increase in skull growth then
seemed uncompensated. They found no safe criteria
for aiding in the decision regarding operation. Bird
etal8 studied four patients with suspected arrested
communicating hydrocephalus with constant infusion
saline manometry. In three cases the diagnosis was
confirmed. However, in one child the headgrowth,
clinical signs and skull radiographs were misleading.
The infusion pattern was abnormal and the child
needed a shunt. Di Rocco etalP investigated 18 chil-
dren having hydrocephalus which could be regarded
clinically as "arrested". With the constant flow
infusion manometric test they revealed normal CSF
resting pressures but still "active" hydrocephalus in
seven children. Caldarelli etal' employing the lum-
bar subarachnoid infusion test recorded CSF press-
ures above normal limits in three of five children
clinically regarded to have "arrested" hydrocephalus.

In the present study children with elevated CSF
resting pressure were not classified as arrested. In
arrested cases examined hydrodynamically (table 4)
none had an increased pressure in the sagittal sinus or
over the CSF outflow pathways but the conductance
values seemed to be higher in this group than in cases
with uncompensated hydrocephalus (table 3).

Non-communicating hydrocephalus
In infants with very fast headgrowth a non-
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communicating hydrocephalus must be suspected.
The viscoelasticity of the content of the skull and the
spine usually results in a good correlation between the
intraventricular and lumbar pressures but in non-
communicating hydrocephalus they may not be equal
and a hydrodynamic study with a lumbar approach
may thus be of limited value. Furthermore, a lumbar
CSF removal may give rise to a tentorial herni-
ation.45 The risk of this is however slight as long as
fontanelles and sutures are unclosed.

In one examined case with aqueduct stenosis (case
66, table 2) the CSF resting pressure was normalised
after a shunting procedure. The low value of the CSF
formation rate (08 mm3s- ') does not represent the
true situation in the skull cavity.

Macrocephalus
Children with occipito-frontal head circumference
exceeding 2 SD of the mean for their chronological
age are often designated macrocephalic. Macro-
cephaly can be the result of different intra- or extra-
cerebral processes but is usually a familial character-
istic in quite normal individuals.47 Ellison48 reviewed
44 children with inappropriately enlarging heads. She
considered computed tomography (CT) a safe non-
invasive technique for measurement of ventricular
size and stated that infants with inappropriately
enlarging heads after the neonatal or early infant
period need careful evaluation and follow up but the
majority will not be candidates for a shunt. Day and
Schutt49 studied 15 normal children with large heads
(circumference more than 0 5 cm above the 98th cen-
tile in the graphs of Nellhaus) and found ventricular
measurements of CT scan within normal range in all
but one. Eleven of the children had one parent with a
large head and as in the family described by Asch and
Myers47 there was a predominance of males.
Portnoy and Croissant'6 examined seven boys with

the diagnosis megaloencephaly according to the cri-
teria of DeMyer.Y In radiographic examinations
they found the ventricular size normal or minimally
enlarged and non-progressive and in CSF hydro-
dynamics studied through a modified constant press-
ure infusion method they found a normal conduc-
tance and calculated an elevated sagittal sinus press-
ure. They postulated that a megaloencephaly is devel-
oped from an increase in parenchymal fluid volume
secondary to an increase in sagittal sinus pressure.
The minimal nonprogressive hydrocephalus seen in
some of these infants may be explained by coexistence
of the increase in sagittal sinus pressure with open
cranial sutures resulting in a transient non-
hydrostatic loading of the brain parenchyma.
Our hydrodynamically examined macrocephalic

children had relatively moderate head sizes (table 5).
None of them had, at the time of the investigation, an
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elevated pressure in the sagittal sinus but one case had
a very high conductance. The significance of this is
unclear.

Subdural hematomas
The size, number and position of subdural effusions
should have importance for CSF dynamics as sub-
dural fluid collections may interfere with the absorp-
tion of CSF. A low conductance noticed in case 32
(table 6) points to such a mechanism; case 78, how-
ever, had a higher conductance than normal. The
high conductance and the low CSF resting pressure
recorded in case 61 was probably caused by the shunt.

Craniosynostosis
Moss in his review5' of the functional anatomy of
cranial synostosis underlines that the sutures are the
locus of secondary compensatory and mechanically
obligatory growth which follows a prior separation of
adjacent cranial bones. When compensatory possi-
bilities in the skull are lacking severe symptoms such
as increased intracranial pressure, papilloedema,
optic nerve atrophy and mental retardation may
arise."2

In our cases (table 7) the craniosynostosis was
either the result of a primary defect or of a shunting
procedure. The variability in symptoms was great.
Most cases with an elevated CSF resting pressure had
papilloedema but not all of them. Case 65 illustrates
the situation after a shunting procedure; a low CSF
resting pressure and craniosynostosis was followed by
an elevated intracranial pressure. The pressure was
normalised by the subsequent craniotomy.

Complications of the investigation
No signs of tentorial herniation occurred. However,
in three cases shunt dysfunction was proved and the
children acquired symptoms of intracranial hyper-
tension while waiting for shunt revision. One child
with an elevated CSF resting pressure showed leakage
of CSF through the puncture canals after the
investigation. To avoid this, later on, the skin was
pushed somewhat aside before the punctures
especially in cases of myelomeningocele. Although
strict antiseptic conditions were maintained four of
the children developed meningitis.The demonstrated
Staphylococcus albus in one case may be pathogenic
but this was not proven. All the children recovered
quickly. To avoid pyrogens the control of the
artificial CSF was improved. Some children suffered
minor complications such as transient thigh pain, low
back pain or postural headache but in most cases
there were no symptoms at all. With due precautions
the complications of the investigation are few but the
children should be closely observed during and after
the investigation and CSF hydrodynamic studies
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should be restricted to hospitals with a neurosurgery
department.
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