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ABSTRACT
Background The association between intracranial
pressure (ICP) and different shunt valve opening
pressures in relation to body positions is fundamental for
understanding the physiological function of the shunt.
Objective To analyse the ICP and ICP wave amplitude
(AMP) at different shunt settings and body positions in
patients with hydrocephalus.
Methods In this prospective study 15 patients with
communicating hydrocephalus were implanted with a
ligated adjustable ventriculoperitoneal shunt. They also
received a portable intraparenchymatous ICP-monitoring
device. Postoperative ICP and AMP were recorded with
the patients in three different body positions (supine,
sitting and walking) and with the shunt ligated and
open at high, medium and low valve settings. In each
patient 12 10 min segments were coded, blinded and
analysed for mean ICP and mean AMP using an
automated computer algorithm.
Results Mean ICP and mean AMP were lower at all
three valve settings compared with the ligated shunt
state ( p<0.001). Overall, when compared with the
supine position, mean ICP was 11.5±1.1 (mean±SD)
mm Hg lower when sitting and 10.5±1.1 mm Hg lower
when walking ( p<0.001). Mean ICP was overall
1.1 mm Hg higher ( p=0.042) when walking compared
with sitting. The maximal adjustability difference (highest
vs lowest valve setting) was 4.4 mm Hg.
Conclusions Changing from a supine to an upright
position reduced ICP while AMP only increased at trend
level. Lowering of the shunt valve opening pressure
decreased ICP and AMP but the difference in mean ICP
in vivo between the highest and lowest opening
pressures was less than half that previously observed
in vitro.

linear correlation between valve opening setting
and ICP that could not be predicted on the basis of
the experimental setting. No randomised clinical
trials are available that compare adjustable and
ﬁxed pressure valves4 and there is no consensus on
the selection of valve setting in adjustable valves.5 6
Due to technical restrictions, ICP has previously
mainly been measured with the patients in the
supine position7–9 although people carry out most
of their daily activities in the sitting or standing
position. It is well known that ICP is lower in the
upright position than in the supine position.10–12 A
portable ICP monitoring device such as
Neurovent-P
(Raumedic
AG,
Münchberg,
Germany) enables ICP measurement under normal
daily conditions as it allows the patient to move
freely during ICP recording.13–15
It is important to study shunt physiology and the
cerebrospinal ﬂuid (CSF) dynamics of adjustable
shunts, especially when patients are mobile. The
aim of this prospective, blinded study was to evaluate ICP and ICP wave amplitude (AMP) at different
shunt valve settings and body positions with a portable ICP monitoring device in patients with communicating hydrocephalus.

PATIENTS AND METHODS
Patients with hydrocephalus received a ligated ventriculoperitoneal shunt and an intraparenchymatous
ICP sensor. On the ﬁrst postoperative day ICP and
AMP were recorded with the patients in three different body positions (supine, sitting and walking)
and with the shunt ligated. Thereafter, the shunt
was opened and the recordings repeated at high,
medium and low valve settings, in each body
position.
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The adjustable differential pressure shunt valve proposed by Hakim1 in 1973 includes a ball and a
spring that allow non-invasive adjustment of the
opening pressure through an external device.
Postoperative adjustments of valve settings can be
made to ﬁne tune the opening pressure to prevent
underdrainage or overdrainage and to improve clinical outcome.2 The intracranial pressure (ICP) performance at different pressure settings of the
adjustable shunts are based on bench testing.
Systematic data on ICP and the opening pressure in
humans are scarce. Bergsneider et al3 studied the
relationship between ICP, shunt valve opening pressure and body position in patients with idiopathic
normal pressure hydrocephalus. They found a
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Patients
Twenty adult patients with a mean age of 70 years,
diagnosed with hydrocephalus at Sahlgrenska
University Hospital were included. All presented
with symptoms and signs of hydrocephalus and
MRI showed communicating ventriculomegaly
(Evans index>0.3). One patient had previously
undergone an endoscopic third ventriculostomy for
aqueductal stenosis and the postoperative MRI
showed signs of an open aqueduct.
The study was approved by the Regional Ethical
Review Board (2010:341–10) and all patients provided written informed consent.
Exclusion criteria were previous CSF shunt
placement, acute hydrocephalus, trauma or
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abdominal surgery within 6 months, inability to walk and short
life expectancy due to serious illness.

Surgery
All patients recieved a ventriculoperitoneal shunt (PS Medical
Strata, Medtronic, Goleta, California, USA) including an antisiphon device (ASD) and an intraparenchymatous ICP sensor
(Raumedic AG, Helmbrechts, Germany). The shunt burr hole
was placed parasagitally immediately in front of the coronal
suture on the right side and a separate smaller burr hole for the
ICP sensor was made 1 cm lateral to the shunt burr hole.
The ICP sensor was inserted 1 cm into the brain parenchyma.
The shunt was ligated distal to the valve with a dura clip. All
dura openings were sealed with tissue glue (Tisseel, Baxter
Healthcare, Deerﬁeld, Illinois, USA) to prevent CSF leakage.
After surgery the patients underwent a skull X-ray with
anteroposterior and lateral views and the distance between the
tip of the sensor and the ball of the shunt valve was measured
(ﬁgure 1). The reported ICP levels were individually corrected
with reference to the location of the shunt valve spring according to the following equations:
ICP ¼ ICPsensor þ rghsensor-valve
where hsensor-valve is positive when the sensor is above the valve.

ICP recording protocol
The morning after surgery ICP was recorded for 10 min periods
with the patient supine, sitting and walking with the shunt still
ligated (ﬁgure 2). To stabilise ICP3 the patient remained in each
body position during 2 min before starting ICP recordings. The
shunt was thereafter opened by removing the dura clip ligation
under local anaesthesia. The valve was preset to Strata valve
setting 2.5 and adjusted at 4 h intervals to 1.5 and 0.5. During
the 4 h intervals the patient moved freely in the ward. The settings are equivalent to an opening pressure of 13.1 mm Hg
(setting 2.5), 7.7 mm Hg (setting 1.5) and 3.4 mm Hg (setting
0.5), according to bench testing.16 At each valve setting, the ICP
was measured in the three different body positions as described
above. Thus, for each patient we obtained 12 10 min segments
with unique combinations of shunt settings and body positions.
After the measurements the ICP sensor was withdrawn and
immediately tested for zero-drift by placing it in a darkly coated
measuring cylinder ﬁlled with water at 37.0°C according to the
manufacturers speciﬁcations.17 Pressure recordings for each
sensor were performed at 5 cm, 10 cm and 20 cm depths
(ﬁgure 3). As it was not possible to determine the exact moment
at which the zero-drifts had occurred, corrections of the
obtained ICP levels were not performed.
ICP was recorded at 100 Hz at the intraparenchymatously
placed sensor tip and the signal was transferred through a wire
catheter to an external datalogging device in a shoulder bag
carried by the patient during measurements. The recorded ICP
data were transferred to ﬁles using Raumedic Software Datalog
V.1.7. The ﬁles, one for each segment, were then coded and
blinded for the analyses conducted at Umeå University.
Five patients were unable to complete the study; in two technical problems with the ICP-catheter occurred, one patient withdrew from the study, one had a fulminant shunt infection and
one accidentally pulled out the ICP catheter. Demographic data
on the remaining 15 patients are presented in the table 1.
All 15 patients were clinically evaluated preoperatively and
3 months postoperatively by the idiopathic normal pressure
hydrocephalus scale.18 Ten patients (67%) were found to have
2

Figure 1 Skull X-ray after insertion of a shunt and an intracranial
pressure (ICP)-sensor. A dashed white line was drawn between the
meatiof the auditory canal (anteroposterior view) and from the hard
palate to the posterior lip of the foramen magnum (lateral view) to
obtain a straight orientation of the skull. The black line was drawn
from the ICP-sensor tip parallel to the dashed white line. The white
lines were drawn perpendicular to the black lines to measure the
distance from the point of measurement (ICP-sensor tip) to the spring
of the shunt valve in the upright (anteroposterior view) and supine
(lateral view) body positions. The ICP values were individually
calculated with reference to the location of the valve.
improved signiﬁcantly (≥5 points), four patient were unchanged
(1–5 points) and one had deteriorated ( probably due to problems related to cochlear implantation).

ICP data analysis
Each ICP segment was analysed for mean ICP and AMP of
cardiac related pulsations. An algorithm was developed in
MATLAB for automatic detection of cardiac related pulsations.
High-pass ﬁltered ICP was used in the detection process in
order to remove variations due to respiration or slow waves
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Figure 2 Intracranial pressure (ICP)
measurements of different body
positions and valve settings. 1Strata
valve setting 2.5; 2Strata valve setting
1.5; 3Strata valve setting 0.5.

(cut-off frequency 0.5 Hz, digital zero-phase Butterworth ﬁlter,
5th order). Fast Fourier transform analysis of the signal was
used to estimate cardiac cycle duration (Tc) for each consecutive
6 s window. If the estimated Tc corresponded to a heart rate
above 150 bpm, the 6 s of data were discarded as probable
noise. An initial cardiac related trough in ICP was identiﬁed as

the minimum value within the ﬁrst Tc, and the following peaks/
troughs were denoted the maximum/minimum value within the
Tc following the preceding trough/peak, respectively. Pulsations

Table 1

Patient cohort characteristics
Completers
n=15

Age (years)
Gender
Female
Male
Height (m)
Weight (kg)
BMI (kg/m2)
Ethiology*
iNPH
sNPH
Other

Figure 3 Intracranial pressure (ICP) sensor recordings performed
immediately after the ICP sensor was explanted from the patient and
tested in a measuring cylinder ﬁlled with 37.0°C water at three
different depths (5 cm, 10 cm and 20 cm). The dotted lines represent
sensors that had a statistically signiﬁcant ( p<0.05) zero-drift.

70.5 (8.9)
6
9
1.74
75.6
24.9

(40%)
(60%)
(0.10)
(11.8)
(3.1)

10 (67%)
4 (27%)
1 (7%)

Continuous variables are presented as means (SD). Categorical variables are
presented as n (%).
*iNPH, idiopathic normal pressure hydrocephalus; sNPH, secondary normal pressure
hydrocephalus; Other, one patient who had undergone an endoscopic third
ventriculostomy for aqueductal stenosis and postoperative MRI showed patency of the
stoma.
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were then deﬁned as the period from one detected ICP trough
to the next, but discarded (along with their neighbours) as probable noise if they corresponded to HR>150 bpm or
HR<30 bpm, or if the peak was to close to the start or end of
the pulsation (<0.05 s). The percentage of data discarded was
used as an indicator of ICP data quality. For the remaining pulsations, AMP was calculated as peak ICP minus ICP at the ﬁrst
of the two troughs (in ﬁltered ICP) and ICP as the mean of the
unﬁltered ICP signal. Finally, the mean of all AMP and ICP
values of the segment was calculated.

Statistical analysis
Continuous variables are described with means and SDs and
cathegorical variables as n (number) and per cent. Where applicable, 95% CIs were used.
The effect of body position and valve setting on ICP and
AMP, respectively, was investigated by mixed model analysis
with body position, valve setting and interaction set as ﬁxed
effects and patient as random effect to adjust for the within
patient correlations. The normality of ICP and AMP was examined and found satisfactory.
The relationships between ICP variables and height, weight
and BMI (respectively) were investigated by Spearman correlation coefﬁcients and tested between groups using the
Mann-Whitney U test.
All tests were two-sided and conducted at a 0.05 statistical
signiﬁcance level. The analyses were performed in SAS V.9.2
(Cary, North Carolina, USA).

RESULTS
ICP and AMP versus body position
Mean ICP and mean AMP were lower at all three valve settings
compared with the ligated shunt state in each body position
(ﬁgures 4 and 5).
Mean ICP and mean AMP in all positions taken together
(overall) differed signiﬁcantly between each shunt state (ligated,
2.5; 1.5 and 0.5) (ﬁgures 4 and 5).
The maximal adjustability difference in ICP (valve setting 2.5 vs
0.5) was 4.0 (1.9–6.1) mm Hg in the supine position, 5.0 (2.9–7.1)
mm Hg when sitting and 4.1 (2.0–6.2) mm Hg when walking.

Mean ICP was signiﬁcantly higher in the supine compared
with the sitting and walking positions at all shunt valve settings
(ﬁgure 4). Overall, when compared with the supine position the
mean ICP was 11.5 (10.5–12.6) mm Hg lower when sitting and
10.5 (9.4–11.5) mm Hg lower when walking. Overall, mean
ICP was 1.1 (0.0–2.1) mm Hg higher (p=0.042) when walking
compared with sitting (ﬁgure 4).
When the shunt was ligated there was a trend towards a 0.9
(−0.1–2.0) mm Hg higher mean AMP (p=0.089) in the sitting
compared with the supine body positions. When the shunt was
open at any of the three valve settings, there was no statistically
signiﬁcant difference in mean AMP between the supine and
sitting positions (ﬁgure 5).
Analysis of height, weight and BMI did not show any statistically signiﬁcant correlation with mean ICP and mean AMP.

DISCUSSION
In this study we investigated the change in ICP and AMP when
patients go from a supine to an upright posture and how they
were affected by the shunt valve setting, showing that ICP
dynamics differ signiﬁcantly with upright compared with supine
positions.
Mean ICP in the upright posture was far below the opening
pressures set by the valve and therefore the valve should not
have opened in the upright position. With shunt adjustments all
the way down to the lowest setting ICP may not have entered
the phase with constant AMP.
ICP and AMP decreased signiﬁcantly when the shunt was
open at any valve setting compared with when it was ligated.
This has implications for underdrainage and overdrainage and
must therefore be considered when designing shunt valves.

Mean ICP
Portnoy described the pressure gradient (ΔP) driving CSF
through the valve as the difference between the sum of ICP and
hydrostatic pressure (ρgh) and the sum of valve setting (OP) and
distal catheter pressure (DCP)19:
DP ¼ ICP þ rgh  OP  DCP

ð1Þ

Figure 4 The relationship between
mean intracranial pressure (ICP) and
body positions at different shunt valve
settings (VS). Error bars indicate the
SDs. The correlations between different
valve settings are presented above the
bars and the correlations between
different body positions are presented
in the upper part of the diagram.
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Figure 5 The relationship between
mean intracranial pressure pulse
amplitude (AMP) and body positions at
different shunt valve settings (VS).
Error bars indicate the SDs. Analysis
between different valve settings are
presented above the bars and analysis
between different body positions are
presented in the upper part of the
diagram.

The hydrostatic pressure comprises two constants (density ρ and
gravity g) as well as the vertical height (h) between the proximal
and distal catheter tips. Portnoy originally described equation (1)
as a model without including an ASD, although in the present
study all valves had an ASD. For practical reasons it is difﬁcult
to determine h in patients since the distal catheter tip is mobile
in the abdominal cavity. In previous studies3 11 20 DCP has been
estimated as the intra-abdominal pressure but in mobile patients
intra-abdominal pressure may not be constant and dependent
on the type of activity. Even if we had known h and DCP and
been able to estimate ΔP in equation (1) it may still have added
limited information to the present study as the aim was to investigate patients in potential normal daily activities where both
variables are dynamic and because the implanted shunts were
equipped with an ASD designed to make the opening pressure
independent of negative distal pressure.
If siphoning had occurred in the upright positions, the lowering of the mean ICP from the supine to the sitting position
should have been greater when the shunt was open compared
with when ligated. However, this was not observed for any
valve setting (ﬁgure 4), indicating that no signiﬁcant siphoning
effect occured. Having acknowledged that the ASD was functioning and based on the knowledge from bench testing that an
ASD with a negative distal pressure will slightly increase the
shunt opening pressure,16 21 we believe that in upright positions
ICP was below the opening pressure of the valve for all settings
(ﬁgure 4). Therefore it is unlikely that the valve opened and
contributed to signiﬁcant CSF drainage in the upright positions.
It is difﬁcult to explain why the maximal adjustability difference in ICP (valve setting 2.5 vs 0.5) was about half of the
reduction in shunt opening pressure; the mean difference
between valve settings 2.5 and 0.5 was 4.4 mm Hg compared
with 9.8 mm Hg as measured in a bench test study of the Strata
valve by Lundkvist et al16 Bergsneider et al also demonstrated
that ICP decreased with lower valve settings in Codman Hakim
but that the ICP change between settings was smaller than that
predicted by simple hydrodynamics. A possible explanation of
these ﬁndings could be that CSF shunt drainage was restricted
to short intermittent ﬂows at the peak of the systolic pulses, at
the peak of B-waves, and at other spontaneous ICP elevations.
Mean ICP is set by the pressure needed to drain the CSF

production. During peak pressures the low resistance of the
shunt16 facilitates drainage of small CSF boluses. Assuming that
when the shunt opened at the peak pressures, the resulting
intermittent ﬂow was sufﬁcient to effectively balance the CSF
formation rate, in which case mean ICP will be lower than
shunt opening pressure.22 Thus, it may be the change in peak
pressures rather than the change in mean ICP that should correspond with the change in shunt opening pressure. The change
in peak pressure caused by a lowering of the shunt setting
derives from a reduction in mean ICP but also from decreased
AMP variations as the compliance increase from lowered ICP
will cause the ICP variations to decrease. Thus, the decrease in
peak ICP (corresponding to a change in valve setting) will
always be greater than that in mean ICP, thereby explaining why
the reduction in mean ICP should be lower than that in shunt
opening pressure.

ICP pulse amplitude
The pulsatility curve (AMP vs ICP) was recently described.23 24
It showed that at low ICP there is a phase where compliance
and AMP are constant, while at higher ICP there is a phase
during which the Marmarou model25 is valid, with compliance
that decreases and pulse AMP that increases linearly with
ICP.26 27 Our data show that AMP was reduced when the
ligated shunt was opened and further reduced by lowering of
the valve setting, suggesting that ICP had not entered the phase
with constant AMP and that shunt adjustment all the way down
to the lowest setting inﬂuenced AMP. This could be of importance, as pulse AMP has been indicated as a possible pathophysiological component and reduction of pulse AMP has been
linked to improved outcome.23 28 29 With the emphasis on
studying the CSF dynamics in a vertical position, when the
patients have their gait and balance symptoms, we also demonstrated that the reduced pulse AMP from shunting was sustained
in a sitting posture (ﬁgure 5).
For the ligated shunt it was found that despite the reduction
in mean ICP, mean AMP increased at trend level from the
supine to the sitting positions, suggesting that compliance was
unchanged or only marginally decreased by posture. This was in
accordance with previous studies which have indicated that
AMP does not change with body position.29 30
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This study found signiﬁcantly increased mean AMP in
walking compared with supine and sitting positions, respectively. This difference is most likely explained by the irregular
ICP waveforms observed in a large number of the recordings
made when the patients were walking. The average precentage
of data discarded by the automated algorithm for the measurements made during walking was 14±12%, whereas the corresponding number for the supine and sitting measurements was
3±4% and 2±4%, respectively. While this implies that most
data were accepted by the algorithm, the exclusion criteria were
designed to only discard obvious noise. In addition, the withinpatient variations of the AMP measurements when walking
(mean SD 2.40 mm Hg) were signiﬁcantly higher ( p<0.001)
compared with the sitting (mean SD 0.89 mm Hg) and supine
body positions (mean SD 0.87 mm Hg), respectively. The same
analysis between supine and sitting positions did not show any
statistically signiﬁcant difference ( p=0.872). The irregular waveforms may be caused by measurement artefacts, suggesting that
the current measurement technique was not ideal for AMP measurements during activity, although they could also indicate that
ICP was affected by the displacement of the body, resulting in
ICP variations at the gait pace, which the algorithm could not
separate from the cardiac variation. We believe that these variations, rather than those related to cardiac activity, contributed to
the increase in mean AMP in walking. As the design of the
study was prospective and blinded for the ICP data analysis, we
did not perform post hoc analysis or make any change in the
algorithm determined before the data analysis in order to minimise the risk of bias,

Acknowledgements Statistical analyses were performed by Aldina Pivodic at
Statistiska konsultgruppen.
Contributors Each author has made substantial contributions to the concept and
design of the work, acquisition, interpretation and analysis of data, drafting and
revising the work critically for important intellectual content and ﬁnal approval of
the version to be published. Each author agrees to be accountable for all aspects of
the work in ensuring that questions related to the accuracy or integrity of any part
of the work are appropriately investigated and resolved.
Funding This study was supported by unrestricted grants from The Göteborg
Medical Society, the Edit Jacobson Foundation, the John and Britt Wennerström
Foundation and the Per-Olof Ahl Foundation for research on vascular diseases of the
brain.
Competing interests CW and AE have received honoraria as lecturers for Johnson
& Johnson, Raynham, Massachusetts, USA.
Ethics approval Regional Ethical Review Board in Gothenburg, Sweden.
Provenance and peer review Not commissioned; externally peer reviewed.

REFERENCES
1

2

3

4

Aspects of ICP measurement
The main reason for choosing the Raumedic sensor was to be able
to measure ICP in mobile patients. Previous studies have shown
that ICP sensors from different manufacturers have low measurement errors.15 31 32 However, in our set-up the absolute levels of
ICP were less reliable than the relative changes. First, ICP recordings indicated the occurrence of a pronounced zero-drift in three
patients (ﬁgure 3). According to the manufacturer’s company
(Raumedic AG), all ICP sensors were calibrated and tested at the
laboratory prior to insertion. Previous studies indicate that
ICP-monitoring with solid ICP sensors is associated with zerodrift33 34 that could be due to electrostatic discharges.33
Nevertheless, clinically this ICP monitoring technique is widely
used due to the low long-term complication rate9 35 and because
of the accuracy of ICP pulse AMP measurements.33 36 Even in the
three sensors with zero-drift the relative pressure differences were
accurate during calibration (ﬁgure 3), indicating that the measurements of AMP were accurate.
Second, our reference point, the valve, was not the same as in
previous studies.3 10 11 In order to relate to shunt bench-test
studies, we selected the shunt valve as a reference for ICP and
accordingly calculated the ICP at the level of the shunt, in
supine and in upright positions. The choice of ICP reference
point affects the absolute ICP values but not the relative
changes at the same body position.

5

6

7
8

9
10

11

12
13

14
15

16

CONCLUSIONS
Changing from a supine to an upright position signiﬁcantly
reduced ICP while AMP only increased at trend level. Lowering
of the shunt valve opening pressure reduced ICP and AMP but
the difference in mean ICP between the highest and lowest
valve settings in vivo was less than half the difference previously
observed in vitro.
6

Although conﬁrmative studies are required, the clinical implications of this study could be that most CSF drainage occurs in
the supine position and that reduction in peak pressures at
decreased ICP explains the difference between in vivo and in
vitro observations.

17

18
19

Hakim S. Hydraulic and mechanical mis-matching of valve shunts used in the
treatment of hydrocephalus: the need for a servo-valve shunt. Dev Med Child
Neurol 1973;15:646–53.
Zemack G, Romner B. Seven years of clinical experience with the programmable.
Codman Hakim valve: a retrospective study of 583 patients. J Neurosurg
2000;92:941–8.
Bergsneider M, Yang I, Hu X, et al. Relationship between valve opening pressure,
body position, and intracranial pressure in normal pressure hydrocephalus: paradigm
for selection of programmable valve pressure setting. Neurosurgery 2004;55:851–9.
Bergsneider M. Management of hydrocephalus with programmable valves after
traumatic brain injury and subarachnoid hemorrhage. Curr Opin Neurol
2000;13:661–4.
Bergsneider M, Black PM, Klinge P, et al. Surgical management of idiopathic
normal-pressure hydrocephalus. Neurosurgery, 2005;57(3 Suppl):S29–39; discussion
ii-v.
Zemack G, Romner B. Adjustable valves in normal-pressure hydrocephalus: a
retrospective study of 218 patients. Neurosurgery 2002;51:1392–400; discussion
1400–2.
Malm J, Jacobsson J, Birgander R, et al. Reference values for CSF outﬂow resistance
and intracranial pressure in healthy elderly. Neurology 2011;76:903–9.
Eide PK, Sorteberg W. Diagnostic Intracranial Pressure Monitoring and Surgical
Management in Idiopathic Normal Pressure Hydrocephalus. Neurosurgery
2010;66:80–91.
Czosnyka M, Pickard JD. Monitoring and interpretation of intracranial pressure.
J Neurol Neurosurg Psychiatry 2004;75:813–21.
Chapman PH, Cosman ER, Arnold MA. The relationship between ventricular ﬂuid
pressure and body position in normal subjects and subjects with shunts:
a telemetric study. Neurosurgery 1990;26:181–9.
Miyake H, Ohta T, Kajimoto Y, et al. New concept for the pressure setting of a
programmable pressure valve and measurement of in vivo shunt ﬂow performed
using a microﬂowmeter. Technical note. J Neurosurg 2000;92181–7.
Qvarlander S, Sundström N, Malm J, et al. Postural effects on intracranial pressure:
modeling and clinical evaluation. J Appl Physiol 1985;2013;115:1474–80.
Stendel R, Heidenreich J, Schilling A, et al. Clinical evaluation of a new intracranial
pressure monitoring device. Acta Neurochir (Wien) 2003;145:185–93;
discussion 193.
Andresen M, Juhler M, Munch TN. Quality and safety of home ICP monitoring
compared with in-hospital monitoring 2012;113:187–91.
Citerio G, Piper I, Chambers IR, et al. Multicenter clinical assessment of the
Raumedic Neurovent-P intracranial pressure sensor: a report by the BrainIT group.
Neurosurgery 2008;63:1152–8; discussion 1158.
Lundkvist B, Eklund A, Koskinen LO, et al. An adjustable CSF shunt: advices for
clinical use. Acta Neurol Scand 2003;108:38–42.
Citerio G, Piper I, Cormio M, et al. Bench test assessment of the new Raumedic
Neurovent-P ICP sensor: a technical report by the BrainIT group. Acta Neurochir
(Wien) 2004;146:1221–6.
Hellstrom P, Klinge P, Tans J, et al. A new scale for assessment of severity and
outcome in iNPH. Acta Neurol Scand 2012;126:229–37.
Portnoy HD, Tripp L, Croissant PD. Hydrodynamics of shunt valves. Childs Brain
1976;2:242–56.

Farahmand D, et al. J Neurol Neurosurg Psychiatry 2014;0:1–7. doi:10.1136/jnnp-2014-307873

Downloaded from jnnp.bmj.com on July 6, 2014 - Published by group.bmj.com

Neurosurgery
20

21

22
23

24

25
26

27

Kajimoto Y, Ohta T, Miyake H, et al. Posture-related changes in the pressure
environment of the ventriculoperitoneal shunt system. J Neurosurg 2000;
93:614–7.
Arnell K, Koskinen LO, Malm J, et al. Evaluation of Strata NSC and Codman Hakim
adjustable cerebrospinal ﬂuid shunts and their corresponding antisiphon devices.
J Neurosurg Pediatr 2009;3:166–72.
Czosnyka ZH, Cieslicki K, Czosnyka M, et al. Hydrocephalus shunts and waves of
intracranial pressure. Med Biol Eng Comput 2005;43:71–7.
Qvarlander S, Lundkvist B, Koskinen LO, et al. Pulsatility in CSF dynamics:
pathophysiology of idiopathic normal pressure hydrocephalus. J Neurol Neurosurg
Psychiatry 2013;84:735–41.
Qvarlander S, Malm J, Eklund A. The pulsatility curve-the relationship between
mean intracranial pressure and pulsation amplitude. Physiol Meas
2010;31:1517–28.
Marmarou A, Shulman K, Rosende RM. A nonlinear analysis of the cerebrospinal
ﬂuid system and intracranial pressure dynamics. J Neurosurg 1978;48:332–44.
Avezaat CJ, van Eijndhoven JH. Clinical observations on the relationship between
cerebrospinal ﬂuid pulse pressure and intracranial pressure. Acta Neurochir (Wien)
1986;79:13–29.
Lenfeldt N, Andersson N, Agren-Wilsson A, et al. Cerebrospinal ﬂuid pulse pressure
method: a possible substitute for the examination of B waves. J Neurosurg
2004;101:944–50.

28
29

30

31
32
33
34

35
36

Farahmand D, et al. J Neurol Neurosurg Psychiatry 2014;0:1–7. doi:10.1136/jnnp-2014-307873

Petrella G, Czosnyka M, Keong N, et al. How does CSF dynamics change after
shunting? Acta Neurol Scand 2008;118:182–8.
Eide PK, Sorteberg W. Changes in intracranial pulse pressure amplitudes after shunt
implantation and adjustment of shunt valve opening pressure in normal pressure
hydrocephalus. Acta Neurochirurgica 2008;150:1141–7.
Raabe A, Czosnyka M, Piper I, et al. Monitoring of intracranial compliance:
correction for a change in body position. Acta Neurochir (Wien) 1999;141:31–6;
discussion 35–6.
Raboel PH, Bartek J Jr, Andresen M, et al. Intracranial pressure monitoring: invasive
versus non-invasive methods-a review. Crit Care Res Pract 2012;2012:950393.
Czosnyka M, Czosnyka Z, Pickard JD. Laboratory testing of three intracranial
pressure microtransducers: technical report. Neurosurgery 1996;38:219–24.
Eide PK, Bakken A. The baseline pressure of intracranial pressure (ICP) sensors can
be altered by electrostatic discharges. Biomed Eng Online 2011;10:75.
Morgalla MH, Mettenleiter H, Bitzer M, et al. ICP measurement control: laboratory
test of 7 types of intracranial pressure transducers. J Med Eng Technol
1999;23:144–51.
Shapiro S, Bowman R, Callahan J, et al. The ﬁberoptic intraparenchymal cerebral
pressure monitor in 244 patients. Surg Neurol 1996;45:278–82.
Eide PK, Holm S, Sorteberg W. Simultaneous monitoring of static and dynamic
intracranial pressure parameters from two separate sensors in patients with cerebral
bleeds: comparison of ﬁndings. Biomed Eng Online 2012;11:66.

7

Downloaded from jnnp.bmj.com on July 6, 2014 - Published by group.bmj.com

Intracranial pressure in hydrocephalus:
impact of shunt adjustments and body
positions
Dan Farahmand, Sara Qvarlander, Jan Malm, et al.
J Neurol Neurosurg Psychiatry published online June 24, 2014

doi: 10.1136/jnnp-2014-307873

Updated information and services can be found at:
http://jnnp.bmj.com/content/early/2014/06/24/jnnp-2014-307873.full.html

These include:

References

This article cites 35 articles, 2 of which can be accessed free at:
http://jnnp.bmj.com/content/early/2014/06/24/jnnp-2014-307873.full.html#ref-list-1

P<P
Email alerting
service

Topic
Collections

Published online June 24, 2014 in advance of the print journal.
Receive free email alerts when new articles cite this article. Sign up in
the box at the top right corner of the online article.

Articles on similar topics can be found in the following collections
Hydrocephalus (123 articles)
Radiology (1560 articles)

Notes

Advance online articles have been peer reviewed, accepted for publication, edited and
typeset, but have not not yet appeared in the paper journal. Advance online articles are
citable and establish publication priority; they are indexed by PubMed from initial
publication. Citations to Advance online articles must include the digital object identifier
(DOIs) and date of initial publication.

To request permissions go to:
http://group.bmj.com/group/rights-licensing/permissions

To order reprints go to:
http://journals.bmj.com/cgi/reprintform

To subscribe to BMJ go to:
http://group.bmj.com/subscribe/

