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Abstract
Background Hydrocephalus may present with heterogeneous signs and symptoms. The indication for its treatment and the
optimal drainage in complex cases may be challenging. Telemetric intracranial pressure measurements (TICPM) may open
new perspectives for those circumstances. We report our experiences using the Neurovent-P-tel and the Sensor Reservoir in a
retrospective study.
Methods A series of 21 patients (age range 10–39.5 years) treated in our Pediatric Neurosurgical Unit receiving a TICPM was
analyzed. In 8 patients, a Neurovent-P-Tel was implanted; 13 patients received a Sensor Reservoir, 6 of which as a stand-alone
implant, while 7 were already shunted. TICPM were performed on an outpatient basis. Possible complications, follow-up
surgeries, and TICPM were analyzed.
Results Concerning the complications, one infection was seen in each group and one postoperative seizure was observed in the P-
tel group. TICPM-assisted shunt adjustments lead to clinical improvements in six patients in the P-tel group and six patients in the
Sensor Reservoir group. In four out of six non-shunted patients, TICPM contributed to the indication toward shunt implantation.
Conclusions TICPM seems to be a promising tool to improve clinical management of shunted patients with complex hydro-
cephalus. The two available systems will need further technical improvements, concerning implantation time, measurements, and
data analysis in order to optimize handling and interpretation of the data.
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Introduction

Hydrocephalus may present with a great variety of signs and
symptoms, generally categorized as acute, subacute, and
chronic as well as age-dependent symptoms. Its treatment
strategies rely on the possibility to solve the underlying cause

for cerebrospinal fluid (CSF) circulation disturbances.
However, the necessity of permanent CSF diverting shunts
remains the most often treatment option [7, 8, 16]. Different
forces influence shunt drainage such as intraventricular pres-
sure, hydrostatic pressure, acting against intra-abdominal
pressure, resistance of the valve, and resistance of tubing
[11], combined with factors like type of hydrocephalus, ven-
tricular volume, activity of the patient, and body weight [13].
Due to this heterogeneity of factors, the optimal valve adjust-
ment may not be easy to predict [13, 14]. Especially chronic
clinical conditions of CSF circulation disturbances such as
arrested hydrocephalus, idiopathic intracranial hypertension,
or normal pressure hydrocephalus represent some diagnostic
difficulties and may require additional invasive diagnostic
tools. Hereby, intracranial pressure (ICP) may be monitored
via ventricular or lumbar drainage together with possible tests
of intermittent CSF release. An external ventricular drain
(EVD) or a lumbar drain allows monitoring of the CSF pres-
sure, while also CSF drainage can be established in parallel
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[23, 24]. The combined evaluation with the clinical status may
help for diagnostic decision making. Similar unclear condi-
tions can be found in patients with CSF diverting shunt sys-
tems, which do not allow to monitor the drained volume of
CSF or the dynamics of ICP. Adjustability of the valve resis-
tance is, however, a tool to influence CSF drainage [4, 12, 18].
This maneuver does not necessarily rely on objective mea-
sures and protocols but rather on subjective experience, but
may be guided by temporal changes of clinical symptoms,
ventricular width in imaging, or head growth in children, as
well as on expectancies of patients and relatives. In our previ-
ous studies, we have demonstrated that using gravitational-
assisted shunt systems, valve adjustments were integrated in
the treatment protocol based on guidelines implemented at our
institution [13]. Especially in complex clinical conditions, ICP
monitoring may help to verify possible clinical improvements
achieved by shunt adjustments [4, 12, 18].

The recent introduction of telemetric systems enables to
measure ICP (Neurovent-P-tel sensor, Raumedic,
Helmbrechts, Germany and Sensor Reservoir, Miethke,
Potsdam, Germany) on an outpatient basis in order to objec-
tify uncertain diagnostic conditions in CSF pathologies. In a
previously published case series, we demonstrated feasibility
of parenchymal Neurovent-P-tel sensor ICP measurements in
different positions and that it helped to adjust the valve sys-
tems and ameliorate the clinical condition in complex shunted
patients [12]. Previously, Juhler and colleagues were investi-
gating posture-dependent ICP changes, age-dependent ICP
correlations during daytime measurements, and evaluated
therapeutic consequences after telemetric ICP measurements
in shunted patients using the P-tel probe [3, 18, 20].
Furthermore, the Sensor Reservoir is integrated in a shunt
system to normalize the ICP profile of the patient for clinical
improvement of possible under or overdrainage symptoms
[4]. With the current manuscript, we report our single-center
retrospective experience using the Neurovent P-tel as well as

the Sensor Reservoir in patients with CSF dynamic distur-
bances in a pediatric neurosurgical unit.

Methods

Telemetric ICP devices

The Neurovent-P-tel sensor (Raumedic, Helmbrechts,
Germany) is composed of a silicone-coated catheter (25 mm
of length), whose tip contains a piezoelectric pressure sensor
and its base, which hosts a disc-shaped data transducer. The
base has to be positioned on the skull in the subcutaneous
space (Fig. 1a). A radiofrequency transmission coil connected
to a portable data recording device allows the acquisition of
the ICP values. The pressure sensor is regularly inserted in the
frontal lobe parenchyma. If placed in parallel to a shunt, it is
positioned on the contralateral side of the ventricular catheter,
thus measuring intraparenchymal pressure values.
Implantation time should not exceed 90 days according to
the company’s recommendations. The P-tel offers to measure
pressure values with a detection rate from 1 up to 5 Hz.

The Sensor Reservoir (SR,Miethke, Potsdam, Germany) is
composed of a titanium-covered measuring cell hosted in a
polyether-ether-ketone ring covered with a silicone membrane
to allow puncture in order to withdraw CSF. The measuring
unit contains a pressure sensor that directly transmits CSF
pressure to the titanium cover and thus to the measuring unit.
The device can be included in a shunt system and positioned
on the burr hole, connected to a ventricular catheter proximal-
ly and a subcutaneous catheter laterally (Fig. 1b). To allow
correct and reliable use of the device, the catheter position
must be purely intraventricular to enable free flow of the water
column toward the pressure cell, which was achieved to place
the catheter correctly with a ventricular catheter guide [27].
The pressure values represent pressure measurements in the

Fig. 1 Representative x-rays of the different set ups: a AP view on a
Neurovent P-tel device on the left (*) and shunt system on the right with
a proV-proSA-GA valve complex. b Lateral view on a Sensor Reservoir
connected with proV-proSA-GA valve complex. In both the proSA was

placed in between the two components of a proGAVvalve. c Lateral view
on a Sensor Reservoir as stand-alone device. proV programmable DP
valve, proSA programmable shunt assistant, GA gravitational assistant
unit, proGAV programmable DP valve with gravitational assistant unit
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shunt system. The sensor is integrated in the CSF shunt sys-
tem, which connects the intraventricular cavity with the peri-
toneal cavity regulated by the valve system distally located to
the sensor. Measurements are allowed via a radiofrequency
transmission antenna connected to a monitor. The manufac-
turer does not define an explantation time of the device. The
device offers single measurements as well as high- and low-
frequency measurements. The Sensor Reservoir offers to mea-
sure pressure values with a detection rate up to 44 Hz. This
resolution of data acquisition was enabling to detect ICP
waveforms during TICPM; however, detailed peak analysis
of ICP pulsation could not be visualized.

Indication for telemetric ICP measurements

The indication for telemetric ICP measurements in shunted
patients was complex hydrocephalus cases with chronic
symptoms possibly related to non-physiological CSF drain-
age, in which mechanical shunt dysfunction could be exclud-
ed. In those patients regular protocol of valve adjustments as
well of several trials of adapting the valve resistance did not
lead to clinical enhancement. The Neurovent-P-tel device was
implanted in eight patients with the goal to perform ICP

monitoring assisted valve adjustments of the preexisting shunt
in complex hydrocephalus cases. Similarly, the Sensor
Reservoir was implanted in seven patients with preexisting
shunts to optimize the valve settings by adding objective pres-
sure assessments to clinical complaints for decision making.

The indication for telemetric ICP measurements for diag-
nostic purposes was unclear chronic clinical condition of
suspected increased ICP elevation and possible candidates
for CSF shunt treatment. In this context, in six patients, the
Sensor Reservoir was used as “stand alone” solution in which
a ventricular catheter was placed in the frontal horn of the
lateral ventricle [27] connected to the Sensor Reservoir which
was filled with CSF and was laterally occluded by a blind
connector (Fig. 1c). This enabled not only the measurement
of intraventricular pressure but also to diagnostically puncture
the reservoir in order to detect pressure changes and possible
clinical alterations after CSF volume relieve. This option was
chosen in patients with unclear indication for a CSF diverting
shunt in order to strengthen the decision for or against shunt
implantation. Thereby, repeated lumbar punctures with unre-
liable single pressure detections were avoided (Fig. 2).
Families or caretakers were informed about the risks and ben-
efits of the different treatment options.

Fig. 2 Flow chart showing representing the different groups of treatment
strategies with either a Neurovent P-tel or a Sensor Reservoir. The clinical
course of the patients with a primary shunt showed clinical improvement
in 12 out of 15 patients. When using the Sensor reservoir as stand-alone

device for diagnostic purposes in three out of six patients, the indication
for a shunt implantation was made resulting in subjective clinical im-
provement, respectively
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Demographic and clinical data

A total of 21 patients in whom a telemetric device for ICP
measurement was implanted in our Pediatric Neurosurgical
unit between December 2010 and July 2018. Median age of
the population was 16.5 years (range 10–39.5 years); 15 pa-
tients were females. In eight patients, a Neurovent-P-tel
(Raumedic, Helmbrechts, Germany) device was implanted,
while 13 patients received a Sensor Reservoir (Miethke,
Potsdam, Germany; see Flow Chart Fig. 2). The Neurovent-
P-tel population was treated from December 2010 to
March 2015 with a median age of 16.3 years (range 10–
21.6 years). Five patients were females. The primary diagno-
sis was craniopharyngioma in two, Crouzon syndrome in two,
and intracerebral gliomas and spina bifida in one patient, re-
spectively. In the Sensor Reservoir group, patients were treat-
ed from December 2015 to July 2018, median age was
16.4 years (range 13.1–39.5 years), and ten patients were fe-
males. The group included four spina bifida, three posthem-
orrhagic hydrocephalus, one craniopharyngioma, one cranio-
synostosis, one traumatic brain injury, one suprasellar arach-
noid cyst, one pseudotumor cerebri, and one aqueductal ste-
nosis after ETV. All clinical data is summarized in Table 1.

Study-protocol

Telemetric ICP measurements were performed on an out-
patient basis. A standard sequence of body postures,
namely standing, lying, and sitting, was carried out dur-
ing measurements. The lying position was adjusted with
a cushion of 15 cm height under the head to avoid a
Trendelenburg position. Measurements were repeated
four to six times per positioning as single measurements
in order to calculate the mean ICP. For optimizing shunt
adjustments, the aim was to balance the ICP values ac-
cording to the following target ranges. In standing and
sitting position, an ICP was aimed to be between − 10
and 0 cmH2O, while in the lying position the targeted
range was at 5 and 15 cmH2O. In case of lower ICP in
lying position, the resistance of the differential pressure
(DP) valve was adjusted to a higher resistance; in case of
lower ICPs in upright position, the gravitational unit was
adjusted to higher levels or vice versa, respectively.
Normally, each setting change included two points on
the DP unit or up to four points on the gravitational unit.
The patients were asked to write a diary including head-
ache intensity (visual rating scale 0–10) and activities.

Table 1 Patient demographics and treatment regimens

P-Tel (Raumedic) Sensor Reservoir (Miethke)

Number of patients (n) 8 13

Median age (range) (years) 16.3 (10–21.6) 16.4 (13.1–39.5)

Male:female (n) 3:5 3:10

Diagnosis (n type) 3 gliomas 2 spina bifida 2 spina bifida

2 craniopharyngiomas 2 PHH 1 craniosynostosis

2 Crouzon syndromes 1 craniopharyngiomas 1 SS arachnoid cyst

1 spina bifida 1 TBI 1 IIH

1 acqueductal stenosis after ETV 1 PHH

No primary shunt (n) 6

Primary shunt (n) 8 7

Type of shunt (n type) 6 proGAV/proSA 4 proGAV/proSA

1 proGAV/proSA/SA 2 proGAV 2.0

1 proV/proSA 1 proV/proSA

Explantation (n) 6 1

Complications (n type) 1 infection 1 infection

1 seizure/ edema

Mean amount of further surgeries (range) (n) 1.5/6 (0–4)

Surgical outcome (n type) 1 shunt explantation 4 shunt implantations

Clinical outcome (n category) 2 resolved 1 resolved

4 improved 5 improved 4 improvements

2 unchanged 1 unchanged 2 unchanged

proGAV adjustable differential pressure valve with gravitational assitant, proSA adjustable shunt (gravitational) assistant, SA shunt (gravitational) assitant
proV, adjustable differential pressure valve,PHH posthemorrhagic hydrocephalus, TBI traumatic brain injury, ETV endoscopic third ventriculostomy; SS
suprasellar, IIH idiopathic intracranial hypertension
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During the course of adjustments, the subjective patient’s
complaint alterations were categorized based on the fol-
lowing three states: unchanged symptoms, improvement,
or resolved symptoms. The pressure values were given in
cmH2O, consistent with the resistance settings as used in
the gravitational-assisted valves (Miethke, Potsdam,
Germany).

In six patients, the Sensor Reservoir was implanted as
“stand-alone” solution for diagnostic purposes (Figs. 1c
and 2). An informed consent was collected for an individ-
ual treatment option and the risks and benefits of this
invasive procedure as compared to repeated lumbar punc-
tures were thoroughly discussed with patients and care-
givers. In these patients, TICPM were performed using
the same protocol of body posture changes in the outpa-
tient clinic. In addition, after at least two appointments for
TICPM, the reservoir was punctured and a CSF volume of
about 10–20 ml was withdrawn. The sampling process
was interrupted if the patient complained about any wors-
ening of symptoms. After CSF relieve, another measure-
ment was performed in the same manner. The indication
for shunt implantation in those patients was established
according to the following criteria: ICP values in lying
position > 20 cmH2O and in standing position > 0
cmH2O and symptom amelioration after CSF subtraction
by reservoir puncture. If a patient showed repeated clini-
cal symptom amelioration after CSF relieve together with
decrease in telemetric ICP values after reservoir puncture
independent from ICP guidelines, a shunt therapy was
also discussed with the patients or families.

In all cases, an informed consent, signed by the patients
and/or their parents or legal representative, was collected be-
fore proceeding to any surgical or other intervention. In the
case of the Neurovent-P-tel, when the manufacturer’s certified
implantation time expired, a recommendation for the explan-
tation of the device was given to the patient or family.
However, the decision to consent for this additional procedure
was left to patients or families. For safety measures, we doc-
umented any implantation-related complications of the tele-
metric ICP devices. Further surgeries to the implanted shunt
systems were recorded during further follow-up.

Statistical analysis

Values are given as median with range or mean and stan-
dard deviation. For comparison of multiple ICP measure-
ments in different body postures and different patient con-
ditions, a one-way ANOVA was used followed by Tukeys
multiple comparison test to detect possible differences
among the variables. Possible correlation among two pa-
rameters were evaluated using a linear regression analysis.
For implant revision-free survival analysis, a Kaplan-
Meier curve was established. Statistical significance was

considered at p < 0.05. Statistical analysis was performed
using Prism 7 software (GraphPad, San Diego, CA,
USA).

Results

Clinical course of patients

Perioperative course of the Neurovent-P-tel group

The valve combinations chosen among the eight patients with a
Neurovent-P-tel was in six cases a proGAV/proSA, in one a
proV/proSA valve, and in one a proGAV/proSA/SA (Table 1).
After implantation of the ICP Sensor, a total of six additional
surgeries to the shunt became necessary in three patients, which
included one subcutaneous kinking of the catheter after proSA
augmentation; one valve augmentation with a shunt assistant to-
gether with a laparascopic inspection and bactiseal catheter re-
placement in another case; a valve augmentation with a shunt
assistant, an intraoperative shunt test, externalization due to poten-
tial dysfunction, and finally reconnection of the shunt system in
the third case. One shunt could be completely weaned and was
explanted after changing the valve to maximal settings of 20/80
cmH2O and ICP values in the predefined range which was con-
sidered to be normal. The remaining headacheswere not related to
the shunt but were still better than before shunt explantation and
were further treated conservatively (Fig. 2). During further follow
up after TICPM, additional shunt revisionswere necessary includ-
ing three valve exchanges and one subcutaneous tube kinking
which lead to shunt malfunction.

As complications of the telemetric ICP sensor, one case
developed an infection of the device at 1.6 months, and in
another patient a seizure was observed which correlated with
minor bleeding and edema at the frontal parenchymal site
insertion at 12 days after implantation. Both were explanted
earlier as planned. In further clinical course, the explantation
of the system was planned in four cases according to the
specification of the manufacturer, while two patients refused
an additional surgical intervention and anesthesia for explan-
tation of the probe. The median implantation time of all im-
plants was 4.2 months (range 4–13 months).

Perioperative course of the Sensor Reservoir group

For the shunted patients in Sensor Reservoir group, the valve
combination included four proGAV/proSA, two proGAV 2.0,
and one patient with a proV/proSA. For the cases with stand-
alone Sensor Reservoir implants, four out of six patients re-
ceived a VP shunt of whom two received a proGAV 2.0 and
one received a miniNAV/ proSA valve combination. During
follow-up, one of the patients needed a valve exchange with
higher gravitational resistance.
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In the Sensor Reservoir group, one patient required uninten-
tional explantation due to infection 23 days after implantation.
This case had been revised repeatedly earlier due to infection of
cranioplasty implants as well as shunt revisions. All other Sensor
Reservoirs are still in place during a total follow-up time of
35.3 months.

Clinical Follow-up

The shunt revision-free survival after TOCPM for the entire co-
hort and both devices was 68.3% following 77.9 months of
follow-up (Fig. 3). Looking at the outcome of the entire
TICPM cohort, the symptoms remained mainly unchanged for
three patients in which the explantation was performed
unintendedly. For all patients who received long-term ICP-
assisted valve adjustments, the clinical complaints were en-
hanced after balancing the ICP values in the body postures by
shunt adjustments, respectively. This resulted in no headaches for
three patients and improvement of symptoms for nine patients.
During this treatment regimen, the valve settings were adjusted
toward higher resistance for the lying position in four patients
and toward lower resistance in eight patients, while the adjust-
ments reached higher settings in vertical position in nine patients
but reached lower settings in two patients, while no change in
vertical position was performed in one patient (Fig. 4).

In four out of six patients with a stand-alone Sensor
Reservoir, a shunt implantation led to amelioration of symp-
toms in all patients and resolving symptoms in two patients. In
the two remaining patients, who did not receive a shunt, no
changes in clinical symptoms were observed after CSF punc-
ture as well as no clear pathological ICP values could be
detected which indicated shunt surgery (Fig. 2).

ICP measurements in different body postures

Given ICP values were taken from Sensor Reservoir patients.
As reported earlier, the TICPMs showed significant lower
values in standing and sitting position compared to lying po-
sition (p < 0.0001). In standing position, the mean ICP is −
3.6 ± 5.1 cmH2O (range − 14.2–6.8 cmH2O), in sitting − 3.7
± 4.4 cmH2O (range −12–4 cmH2O), and in lying position
ICP 14.83 ± 7 cmH2O (range 2.6–26.98 cmH2O).

In patients with shunt compared to no shunt receiving the
Sensor Reservoir for diagnostic purposes, the ICP values differed
significantly among the groups in standing (p< 0.0001) and in
sitting position (p< 0.001) but not in lying position. Patients with
no shunt had a mean ICP in standing position − 3.6 ± 5.1
cmH2O, in sitting position − 3.7 ± 4.4 cmH2O, and in lying po-
sition 14.8 ± 7cmH2O, while shunted patients ICP was in stand-
ing position − 12.2 ± 5.5 cmH2O, in sitting position − 10.8 ± 5.8
cmH2O and in lying position 11.5 ± 6.9 cmH2O.

In four patients with ICP measurements for diagnostic pur-
poses who finally received a VP shunt, pre- and post-shunt
ICP measurements could be evaluated. In those reduced ICP,
values could be detected in upright and lying position after
shunting reaching statistical significant difference only in the
lying position (p < 0.05). ICP values before shunt in standing
position were − 2.2 ± 6.5 cmH2O, in sitting position − 4.4 ±
5.4 cmH2O, and lying position 18.2 ± 8.3 cmH2O, while ICP
values after shunt was measured in standing position − 11.6 ±
4.7 cmH2O, in sitting position − 10.1 ± 4.6 cmH2O, and in
lying position 7.5 ± 3.8 cmH2O.

Case example with correlation of ICP changes with
valve adjustments

In a 13-year-old boy with posthemorrhagic hydrocephalus after
prematurity, chronic headaches were reported. The patient had
primarily a paediGAV (9/29 cmH2O) since early childhood and
had no shunt revision until the age of 12 years. At this age, he
reported about headaches related to activity, more pronounced
later during the day rather than in the morning. Thus, the

Fig. 3 KaplanMeier analysis for shunt revision free survival after
implantation of telemetric ICP monitoring device

Fig. 4 Telemetric ICP assisted valve setting changes. The majority of
differential pressure (DP) valve setting changes mainly for horizontal
position was lowered while the majority of gravitational (GA) valve set-
tings for the vertical position was increased
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symptoms were interpreted as overdrainage-related headaches.
The patient received a proGAV with augmentation of a proSA
in order to achieve higher resistance especially in upright posi-
tion. However, this did not initially lead to clear changes in
clinical complaints. Even after implantation of a Sensor
Reservoir, higher valve resistance and better balance of ICP
values improved the symptoms but did not lead to resolution of
headaches. Hence, the patient demanded the stepwise adjustment
of the valve toward the paediGAV setting in which he subjec-
tively believed he would have less symptoms. This resulted,
however, to dramatically negative ICP values even measured in
the lying position. The headaches worsened and the patient final-
ly agreed on readjusting the valve to higher settings again
reaching a clear amelioration of the headaches. Remaining symp-
toms were subsequently treated conservatively with pain medi-
cation, psychological consultation, and stress relieve from school
demands.

The time course of adjustments and TICPMs are depicted
in Fig. 5. These intensive TICPMs and multiple valve adjust-
ments allowed to analyze the relationship between valve set-
tings and TICPMs. First of all, it was possible to prove that
valve setting adjustments lead to changes in three-positional
TICPMs correlating to clinical complaints as described above.
Correlating ICP values of each body posture to the valve ad-
justments it was shown that ICP values in all body positions
significantly related to differential pressure settings (proV) of
the valve (p < 0.05). The highest correlation coefficient was
shown in the lying position (p < 0.0001). In contrast, ICP
values in the standing and sitting position correlated signifi-
cantly with the adjustment changes of the gravitational valve
(proSA) (p < 0.01), but not in the lying position (p = 0.8).

Discussion

The present study reports about a cohort of patients treated in a
pediatric neurosurgery department, including children and
young adults from the transitional patient cohort with

difficult-to-treat hydrocephalus cases. In those patients, a
combination of unsolved clinical symptoms possibly related
to non-physiological CSF drainage, mostly chronic or recur-
rent headaches, after exclusion of shunt malfunction by some-
times multiple surgeries for valve exchange or augmentation
and repeated adjustment of the valve resistance without clear
clinical benefit. Thereby, it was feasible to objectify whether
or not a relationship existed between the clinical complaints
and the hydrocephalus conditions.

TICPM in shunted patients

So far, only 1 case series describes the experience with 25
shunted patients who underwent a Sensor Reservoir implantation
[4] to monitor ICP in order to reach better valve and gravitational
unit settings. An ICP-guided valve adjustment brought a clinical
improvement in the majority of cases (70%), with an evident
change of the ICP values in both horizontal and vertical posi-
tions; however, no revision-free survival rates are reported. The
age range of this population was 13–81 years (mean age 53.6 ±
20.7 years). Another recent study showed an age-dependent lin-
ear decrease of the daytime ICP values (overall decrease from 4
to 85 years of age was 5.6 mmHg). The difference between day
and night ICP in children was significant, with a higher ICP at
night referring to more pronounced lying positions. On the con-
trary, nighttime and daytime ICP were found to be higher in
children but did not reach significant difference in adults [20].
Lilja et al. (2014) reported their experiences in the management
of 22 complicated cases of impaired CSF circulation, using the
Raumedic telemetric ICP probe (Neurovent-P-tel). Implantation
time was limited in only four patients and the reading period was
< 6 months in 12 patients. The authors concluded that one-third
of the recording sessions was directly followed by a surgical
shunt revision [18].

Until today, only limited data concerning hydrocephalus orig-
inating in pediatric age have been published yet. Barber et al. [5]
reported their clinical and economic considerations on their ex-
perience with a purely pediatric cohort of four patients (4–

Fig. 5 Representative case
showing the association of
telemetric ICP measurements in
lying, sitting, and standing
position, together with the
respective valve settings over
time. The valve setting in
horizontal position is determined
by the differential pressure (DP)
valve alone, while the valve set-
ting in the vertical body position
is determined by adding the
differential pressure (DP) and the
gravitational pressure (GA)
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16 years), implanted with a Neurovent-P-tel device (time of im-
plantation was 460–632 days). Antes et al. also reported a large
5-year experience with Neurovent-P-tel, describing 247 patients,
including 10 patients younger than 18 years of age (implantation
period 3–90 days) [4]. A large population has beenmore recently
characterized by Norager et al. including 119 Neurovent-P-tel
devices in a series of patients from 2 to 80 years of age (mean
age: 30 years) [19]. A possible limitation of the presented study is
the rather small cohort of patients included, which restricts the
ability to draw valid conclusions from the collected data. This
circumstance dependsmainly on the fact that TICPM is currently
time consuming and still in a developmental stage and it was
only used in cases which were considered to be complex hydro-
cephalus cases in terms of optimal valve adjustments or difficult
indications for possible shunt treatment. It is also reflected by the
fact that from a total of approximately 120 shunt surgeries per
year in our institution, only 21 patients received a TICPM in
8 years. In terms of complications with the telemetric ICP de-
vices, we have seen two infections and one edema-associated
seizure. Although infection will not necessarily be associated
with the specific device but rather with the surgery itself, the
complication rate is not low in the presented series. It must be
concluded that TICPM adds further surgical risk to the patients;
however, if the technique will be used more often in a routine
cohort of patient, complication ratemay be lowered, prospective-
ly. This will also hold true for shunt revision rate after TICPM.
Parts of the described revisions were planned and were direct
consequences of ICP measurements. The differences of shunt
revision rate beteween the groups are, thus, more likely due to
a learning curve, better predicting over time the possible valve
combinations in advance rather than linked to the TICPM de-
vices themselves. Finally, the revision rates are comparable to
other previously published cohorts using similar shunt protocols
[1, 26].

TICPM devices

Telemetric methods for ICP monitoring have been intro-
duced in the clinical practice nearly 20 years ago [22],
such as the “Osaka Telesensor” [15] and the “Codman
Microsensor” [6, 9]. So far, there are only few reports
about TICPM devices in shunted patients. The currently
available TICPM systems are the Neurovent-P-tel and
the Miethke Sensor Reservoir, which present some dif-
ferences regarding the technical set-up and surgical op-
tions. While in the Neurovent-P-tel the pressure sensor
is located at its tip and thus measures ICP in the brain
tissue, the Sensor Reservoir measures the ICP in the
reservoir, which is connected to a ventricular catheter
and is located on the calvarium, which might lead to
relatively lower pressure values according to hydrostatic
forces within the ventricular catheter. On the other
hand, in order to optimize the valve settings in shunted

patients, the Neurovent p-Tel has to be implanted on the
contralateral side with an addit ional approach.
Furthermore, the implantation time of Neurovent-P-tel
is limited to 90 days by certification. This might add
another surgical intervention for explantation, while the
Sensor Reservoir can remain in place. So far, most of
the series using the Neurovent-P-tel apply longer im-
plantation times, e.g., 208 days in a recent large study
[19], since the patients or parents still need to consent
for an additional surgery for explantation [17, 18, 29].
The Sensor Reservoir opens the possibility of direct
CSF relieve by puncture which was experienced to be
advantageous especially in a stand-alone implant.
However, the monitoring and ICP analysis software is
better evolved for the Neurovent P-tel device, since the
Sensor Reservoir offers only the possibility to measure
ICP and visualize a pressure curve, which is more de-
tailed with an acquisition rate of 44 Hz compared to
5 Hz in the P-tel device (Table 2).

Body position-related ICP measures

Similar to other groups, we experienced that ICP values show
a great variability in the first 20° of body posture angulation,
basically in the range from lying to sitting posture being neg-
ative toward the upright position as reported earlier [21].
Andresen et al. published a paper in which adult patients after
small focal brain tumor resection also underwent the position-
ing of a telemetric ICP monitoring device for research pur-
poses (using Raumedic, Neurovent-P-tel), thus providing an
indicative range of values for a normal ICP [3]. Normal values
seemed to be lower than in other previous studies and negative
values can be accepted as normal especially in upright posi-
tion, as confirmed by the same group [2]. In a pilot study by
Ertl et al., the use of Sensor Reservoirs in line with a shunt
system in two cases of NPH also corroborates the concept that
negative ICP values in orthostatic positions are a frequent
finding [10]. Negative pressure values in upright position are
a well reproducible phenomenon also seen in all patients in
our series. It is hypothesized that negative pressure may be

Table 2 Overview of factors comparing both TICPM devices

Specification Neurovent-P-tel Sensor Reservoir

Site of implantation Contralateral to shunt Integrated in shunt

Sensor location Intraparenchymal Integrated in reservoir

ICP measurement Intracranial In reservoir/ shunt

Certified period of use 90 days Unlimited

Detection rate 5 Hz 44 Hz

CSF/tap test Not possible Via reservoir

Analysis software Evolved Measurement only
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related to venous outflow in an upright position reducing in-
tracranial blood volume. The pressure changes may be regu-
lated by jugular vein collapse in positions higher than 20° of
body position to reduce further venous outflow. Initially, it
was experienced as a challenge to correctly interpret ICP
values in different body positions and draw the right conclu-
sions for adjusting the shunt valves, accordingly. A reliable
understanding developed over time, that the combination of
differential pressure together with gravitational pressure valve
adjustments opened the possibility to influence ICP values in
horizontal and vertical position differently. The differential
pressure of valves is active in all body positions, while the
gravitational pressure of the valves influences the resistance
of the shunt only in the vertical position. Thus, we concluded
that the ICP being too negative in vertical position can better
be influenced by the gravitational valve setting, while the
pressure setting being too positive in the lying position can
better be influenced in the differential pressure valve setting
and vice versa. That is especially important since the mea-
sured ICP in standing position is significantly higher than
the valve adjustment (DP +GApressure) in order to overcome
the hydrostatic effect sufficiently. For future development, it
will remain a huge challenge that future studies will need to
evaluate the normal ranges of ICP related to body position,
respectively.

ICP curve analysis for future development

Even if we have used some guideline parameters for shunt
indication in our diagnostic group, we also experienced
patients with lower values, who did profit from shunting
after repeated symptom amelioration following taping the
reservoir. In those patients, the pre ICP measurement
seems to be insufficient and compliance evaluation may
be of higher importance. At the current state, telemetric
ICP monitoring allows mainly mean ICP measurements in
both devices and ICP curves visualization in Sensor
Reservoir but excludes more detailed analysis of an indi-
vidual ICP pulse wave. In fact, long ICP monitoring
shows quiet a complexity of values with sometimes a
large amplitude variability in comparison to single spo-
radic ICP measurements [23]. It was recommended that
ICP monitoring should be performed overnight or for a
minimum of half an hour in the supine position [28].
Recently, ICP amplitude was discussed to play an impor-
tant role for evaluating intracranial compliance. For this
reason, ICP pulse wave amplitude (AMP) and the RAP
index (describing the cerebrospinal compensatory reserve,
derived by the linear correlation coefficient between AMP
and the mean ICP between 40 consecutive, time-averaged
data points) seem to be more reliable parameters in eval-
uating shunted patients. It is discussed that a limited com-
pliance is shown by higher ICP amplitude, while a RAP

> 0.6 describes a low compensatory reserve or compliance
[25]. These parameters have been evaluated after over-
night monitoring of the ICP and during infusion study
tests [25, 28]. Hence, further future developments of
ICP data analysis are needed for telemetric ICP monitor-
ing to integrate more elaborated ICP waveform analysis
parameters such as amplitude and waveform characteris-
tics in an automatized analysis software in order to make
the devices more intuitive and time efficient in terms of
better data interpretation.

Conclusion

The telemetric measurement of ICP not only allows an ICP-
controlled shunt adjustment but also may constitute a valuable
diagnostic tool to assess the indication for shunt implantation.
The introduction of telemetric ICP devices is currently used in
some specialized centers on complex cases, but it does not
constitute a neurosurgical routine, yet. From our limited ex-
perience, we conclude that TICPM enables the surgeon to
better understand the pathophysiology in single patients with
a shunting system and may help to better treat and diagnose
CSF dynamics pathologies. Its application on shunted patients
may assist subsequent tailored adjustments. Its risk/benefit
ratio must further be defined in bigger studies. Further im-
provements are still needed to introduce its regular use in more
patients, both concerning the size of the device, as well as data
management.

Funding Information Open Access funding provided by Projekt DEAL.
VP is funded by a German “Bundesministerium für Forschung und
Bildung grant (FKZ: 13GW0275C).

Compliance with ethical standards

Conflict of interest UWT and AS have received lecture honoraria from
Miethke/Aesculap AG company. UWT holds a patent on the ventricular
catheter guide mentioned in this manuscript. All authors certify that they
have no affiliations with or involvement in any organization or entity with
any financial interest (such as honoraria; educational grants; participation
in speakers’ bureaus; membership, employment, consultancies, stock
ownership, or other equity interest; and expert testimony or patent-
licensing arrangements), or non-financial interest (such as personal or
professional relationships, affiliations, knowledge or beliefs) in the sub-
ject matter or materials discussed in this manuscript.

Ethical approval For this type of retrospective study, formal ethic ap-
proval is not required.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a

2495Acta Neurochir (2020) 162:2487–2497



credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Alavi S, Schulz M, Schaumann A, Schwarz K, Thomale UW (2017)
Valve exchange towards an adjustable differential pressure valve with
gravitational unit, clinical outcome of a single-center study. Childs
Nerv Syst 33:759–765. https://doi.org/10.1007/s00381-017-3387-0

2. Andresen M, Hadi A, Petersen LG, Juhler M (2015) Effect of pos-
tural changes on ICP in healthy and ill subjects. Acta Neurochir
157:109–113. https://doi.org/10.1007/s00701-014-2250-2

3. Andresen M, Juhler M (2014) Intracranial pressure following com-
plete removal of a small demarcated brain tumor: a model for nor-
mal intracranial pressure in humans. J Neurosurg 121:797–801.
https://doi.org/10.3171/2014.2.JNS132209

4. Antes S, Stadie A, Muller S, Linsler S, Breuskin D, Oertel J (2018)
Intracranial pressure-guided shunt valve adjustments with the
Miethke sensor reservoir. World Neurosurg 109:e642–e650.
https://doi.org/10.1016/j.wneu.2017.10.044

5. Barber JM, Pringle CJ, Raffalli-Ebezant H, Pathmanaban O,
Ramirez R, Kamaly-Asl ID (2017) Telemetric intra-cranial pressure
monitoring: clinical and financial considerations. Br J Neurosurg
31:300–306. https://doi.org/10.1080/02688697.2016.1229752

6. Bergsneider M, Yang I, Hu X, McArthur DL, Cook SW, Boscardin
WJ (2004) Relationship between valve opening pressure, body po-
sition, and intracranial pressure in normal pressure hydrocephalus:
paradigm for selection of programmable valve pressure setting.
Neurosurgery 55:851–858 discussion 858-859

7. Beuriat PA, Puget S, Cinalli G, Blauwblomme T, Beccaria K, Zerah
M, Sainte-Rose C (2017) Hydrocephalus treatment in children:
long-term outcome in 975 consecutive patients. J Neurosurg
Pediatr 20:10–18. https://doi.org/10.3171/2017.2.PEDS16491

8. Drake JM, Kestle J (1996) Determining the best cerebrospinal fluid
shunt valve design: the pediatric valve design trial. Neurosurgery
38:604–607. https://doi.org/10.1097/00006123-199603000-00042

9. Eide PK, SortebergW(2008)Changes in intracranial pulse pressure am-
plitudes after shunt implantation and adjustment of shunt valve opening
pressure in normal pressure hydrocephalus. Acta Neurochir 150:1141–
1147;discussion 1147. https://doi.org/10.1007/s00701-008-0138-8

10. Ertl P, Hermann EJ, Heissler HE, Krauss JK (2017) Telemetric
intracranial pressure recording via a shunt system integrated sensor:
a safety and feasibility study. J Neurol Surg A Cent Eur Neurosurg
78:572–575. https://doi.org/10.1055/s-0037-1603632

11. Freimann FB, Otvos J, Chopra SS, Vajkoczy P, Wolf S, Sprung C
(2013) Differential pressure in shunt therapy: investigation of position-
dependent intraperitoneal pressure in a porcine model. J Neurosurg
Pediatr 12:575–581. https://doi.org/10.3171/2013.8.PEDS13205

12. Freimann FB, SchulzM, Haberl H, Thomale UW (2014) Feasibility
of telemetric ICP-guided valve adjustments for complex shunt ther-
apy. Childs Nerv Syst 30:689–697. https://doi.org/10.1007/s00381-
013-2324-0

13. Gebert AF, Schulz M, Haberl H, Thomale UW (2013) Adjustments
in gravitational valves for the treatment of childhood
hydrocephalus-a retrospective survey. Childs Nerv Syst 29:2019–
2025. https://doi.org/10.1007/s00381-013-2160-2

14. Golz L, Lemcke J, Meier U (2013) Indications for valve-pressure
adjustments of gravitational assisted valves in patients with idio-
pathic normal pressure hydrocephalus. Surg Neurol Int 4:140.
https://doi.org/10.4103/2152-7806.119879

15. Kajimoto Y, Ohta T, Miyake H, Matsukawa M, Ogawa D, Nagao
K, Kuroiwa T (2000) Posture-related changes in the pressure envi-
ronment of the ventriculoperitoneal shunt system. J Neurosurg 93:
614–617. https://doi.org/10.3171/jns.2000.93.4.0614

16. Kestle JRW, Riva-Cambrin J (2019) Prospective multicenter stud-
ies in pediatric hydrocephalus. J Neurosurg Pediatr 23:135–141.
https://doi.org/10.3171/2018.10.PEDS18328

17. Kiefer M, Antes S, Leonhardt S, Schmitt M, Orakcioglu B,
Sakowitz OW, Eymann R (2012) Telemetric ICP measurement
with the first CE-approved device: data from animal experiments
and initial clinical experiences. Acta Neurochir Suppl 114:111–
116. https://doi.org/10.1007/978-3-7091-0956-4_20

18. Lilja A, Andresen M, Hadi A, Christoffersen D, Juhler M (2014)
Clinical experience with telemetric intracranial pressure monitoring
in a Danish neurosurgical center. Clin Neurol Neurosurg 120:36–
40. https://doi.org/10.1016/j.clineuro.2014.02.010

19. Norager NH, Lilja-Cyron A, Bjarkam CR, Duus S, JuhlerM (2018)
Telemetry in intracranial pressure monitoring: sensor survival and
drift. Acta Neurochir 160:2137–2144. https://doi.org/10.1007/
s00701-018-3691-9

20. Pedersen SH, Lilja-Cyron A, Andresen M, Juhler M (2018) The
relationship between intracranial pressure and age-chasing age-re-
lated reference values. World Neurosurg 110:e119–e123. https://
doi.org/10.1016/j.wneu.2017.10.086

21. Petersen LG, Petersen JC, Andresen M, Secher NH, Juhler M
(2016) Postural influence on intracranial and cerebral perfusion
pressure in ambulatory neurosurgical patients. Am J Physiol
Regul Integr Comp Physiol 310:R100–R104. https://doi.org/10.
1152/ajpregu.00302.2015

22. Richard KE, Block FR,Weiser RR (1999) First clinical results with
a telemetric shunt-integrated ICP-sensor. Neurol Res 21:117–120

23. Schuhmann MU, Sood S, McAllister JP, Jaeger M, Ham SD,
Czosnyka Z, Czosnyka M (2008) Value of overnight monitoring
of intracranial pressure in hydrocephalic children. Pediatr
Neurosurg 44:269–279. https://doi.org/10.1159/000131675

24. Schulz M, Ahmadi SA, Spors B, Thomale UW (2012) Intracranial
pressure measurement in infants presenting with progressive
macrocephaly and enlarged subarachnoid spaces. Acta Neurochir
Suppl 114:261–266. https://doi.org/10.1007/978-3-7091-0956-4_51

25. Speil A, Sosa JC, Will BE, Schuhmann MU (2012) Lack of corre-
lation of overnight monitoring data and lumbar infusion data in
iNPH patients. Acta Neurochir Suppl 114:213–216. https://doi.
org/10.1007/978-3-7091-0956-4_41

26. Thomale UW, Gebert AF, Haberl H, Schulz M (2013) Shunt survival
rates by using the adjustable differential pressure valve combined with a
gravitational unit (proGAV) in pediatric neurosurgery. Childs Nerv Syst
29:425–431. https://doi.org/10.1007/s00381-012-1956-9

27. Thomale UW, Schaumann A, Stockhammer F, Giese H, Schuster D,
Kastner S, Ahmadi AS, Polemikos M, Bock HC, Golz L, Lemcke J,
Hermann E, Schuhmann MU, Beez T, Fritsch M, Orakcioglu B,
Vajkoczy P, Rohde V, Bohner G (2018) GAVCA study: randomized,
multicenter trial to evaluate the quality of ventricular catheter placement
with a Mobile health assisted guidance technique. Neurosurgery 83:
252–262. https://doi.org/10.1093/neuros/nyx420

28. WeerakkodyRA,CzosnykaM, SchuhmannMU, Schmidt E, KeongN,
Santarius T, Pickard JD, Czosnyka Z (2011) Clinical assessment of
cerebrospinal fluid dynamics in hydrocephalus. Guide to interpretation

2496 Acta Neurochir (2020) 162:2487–2497

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00381-017-3387-0
https://doi.org/10.1007/s00701-014-2250-2
https://doi.org/10.3171/2014.2.JNS132209
https://doi.org/10.1016/j.wneu.2017.10.044
https://doi.org/10.1080/02688697.2016.1229752
https://doi.org/10.3171/2017.2.PEDS16491
https://doi.org/10.1097/00006123-199603000-00042
https://doi.org/10.1007/s00701-008-0138-8
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3171/2013.8.PEDS13205
https://doi.org/10.1007/s00381-013-2324-0
https://doi.org/10.1007/s00381-013-2324-0
https://doi.org/10.1007/s00381-013-2160-2
https://doi.org/10.4103/2152-7806.119879
https://doi.org/10.3171/jns.2000.93.4.0614
https://doi.org/10.3171/2018.10.PEDS18328
https://doi.org/10.1007/978-3-7091-0956-4_20
https://doi.org/10.1016/j.clineuro.2014.02.010
https://doi.org/10.1007/s00701-018-3691-9
https://doi.org/10.1007/s00701-018-3691-9
https://doi.org/10.1016/j.wneu.2017.10.086
https://doi.org/10.1016/j.wneu.2017.10.086
https://doi.org/10.1152/ajpregu.00302.2015
https://doi.org/10.1152/ajpregu.00302.2015
https://doi.org/10.1159/000131675
https://doi.org/10.1007/978-3-7091-0956-4_51
https://doi.org/10.1007/978-3-7091-0956-4_41
https://doi.org/10.1007/978-3-7091-0956-4_41
https://doi.org/10.1007/s00381-012-1956-9
https://doi.org/10.1093/neuros/nyx420


based on observational study. ActaNeurol Scand 124:85–98. https://doi.
org/10.1111/j.1600-0404.2010.01467.x

29. Welschehold S, Schmalhausen E, Dodier P, Vulcu S, Oertel J,Wagner
W, Tschan CA (2012) First clinical results with a new telemetric intra-
cranial pressure-monitoring system. Neurosurgery 70:44–49; discus-
sion 49. https://doi.org/10.1227/NEU.0b013e31822dda12

Comments

This retrospective evaluation of the two currently available devices for
telemetric intracranial pressure (ICP) monitoring (the Raumedic Neurovent
P-tel and the Miethke Sensor Reservoir) highlights the advantages and chal-
lenges of the technology at this point. Advantages include the possibility to
perform non-invasive ICP measurements (after implantation of the device)
and ICP based shunt valve adjustments, and challenges at this point include

low data sampling frequency, short implantation time, and limited software
possibilities. Further research to establish true reference values for normal ICP
is warranted and collaboration with device manufacturers is needed to im-
prove the current devices to better suit the clinical demand for reliable, long-
term, and high-resolution ICP data.
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