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Experimental evaluation of the Spiegelberg intracranial
pressure and intracranial compliance monitor

Technical note
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AND AN R. WHITTLE, PH.D., FR.A.C.S.

Departments of Clinical Neurosciences and Veterinary Clinical Studies, University of Edinburgh; and
Department of Clinical Physics, Southern General Hospital, Glasgow, United Kingdom

The goal of this study was to compare the Spiegelberg intraventricular intracranial pressure (ICP)/intracranial com-
pliance monitoring device, which features an air-pouch balloon catheter, with existing gold-standard methods of meas-
uring ICP and intracranial compliance.

A Spiegelberg intraventricular catheter, a standard intraventricular catheter, and a Codman intraparenchymal ICP
microsensor were placed in five sheep, which previously had been given anesthetic and paralytic agents, to dlow com-
parative measurement of ICP at incremental levels (range 5-50 mm Hg). Intracranial pressure measured using the
Spiegelberg intraventricular air-pouch balloon catheter displayed alinear correlation with | CP measured using the stan-
dard intraventricular fluid-filled catheter (r, = 0.9846, p < 0.001; average bias —0.74 mm Hg), as well as with ICP
measured using the Codman intraparenchymal strain-gauge sensor (r, = 0.9778, p < 0.001; average bias 0.01 mm Hg).
Automated measurements of intraventricular compliance obtained using the Spiegel berg compliance device were com-
pared with compliance measurements that were made using the gold-standard manual cerebrospina fluid bolus injec-
tion technique at |CPs ranging from 5 to 50 mm Hg, and alinear correlation was demonstrated between the two meth-
ods (r, = 0.7752, p < 0.001; average bias —0.019 ml/mm Hg).

The Spiegelberg air-pouch | CP/compliance monitor provides | CP and compliance data that are very similar to those
obtained using both gold-standard methods and an intraparenchymal 1CP monitor over arange of pathophysiological
ICPs. The automated closed Spiegelberg system offers practical advantages for the measurement of intraventricular
compliance. Assessment of theclinical utility and robustness of the Spiegelberg system, together with the devel opment
of an intraparenchymal device, would enhance the clinical utility of automated compliance measurement and expand

the range of its applications.
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intracranial pressure monitoring

Methods for the measurement and continuous monitor-
ing of ICP have been in use for more than 20 years. Cath-
eter-tip transducer systems such as the Camino fiberop-
tic! (Camino Laboratories, San Diego, CA) and Codman
(Johnson & Johnson Professional, Inc., Raynham, MA)
strain-gauge intraparenchymal sensors are currently in use
at many centers. However, problems with zero drift and
the robustness of such systems have been identified in lab-
oratory bench tests and clinical studies;>1%4-16 in addition,
it has been found that these systems cannot be recalibrat-
ed in vivo. Camino sensors have an average daily drift of
up to 3.2 mm Hg,*° and technical complications resulting
in failure of that system occur in 10 to 25% of cases.?1516
An average bias of 5 mm Hg or more in 24% of Codman
sensors, compared with the Camino system, has also been
described.*

Abbreviations used in this paper: CL = confidence limit; CPP =
cerebral perfusion pressure; CSF = cerebrospina fluid; ICP = intra-
cranial pressure.
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intracranial compliance

A device used in the past for obtaining ICP measure-
ments in the subdura and epidural spaces has recently
been adapted to measure ICP in the intraventricular and
intraparenchymal compartments. The Spiegelberg system?®
(Spiegelberg GmbH & Co. KG, Hamburg, Germany) in-
volves the use of an air-filled balloon catheter to measure
ICP and is capable of automatic zero-drift correction in
vivo. A newer version of the Spiegelberg monitoring sys-
tem aso has the capacity to measure intracranial compli-
ance. In laboratory bench tests the Spiegelberg ICP sys-
tem has been found to be accurate and to have the lowest
zero-drift characteristics compared with currently adopted
catheter-tip systems.® However, the Spiegelberg system
has yet to be tested in vivo against gold-standard methods
or devices for measuring ICP in the intraventricular and
intraparenchymal compartments. Similarly, experimental
validation of the compliance values obtained using this
systemisrequired. Validation of the latter featureis partic-
ularly pertinent because the Spiegelberg device offers an
automated method for measuring intraventricular compli-


9-5-nsf-toc.html

ance, whereas the current procedure for measuring intra-
cranial compliance requires manua CSF bolus injections
that are both time consuming and labor intensive. When
the manual procedure is performed by inexperienced
hands, thereisaso arisk of introducing infection and pro-
voking excessive increases in ICP*? Although clinical
evaluation of the automated device has been performed in
patients with hydrocephalus and the results compared
with those obtained using the standard manual-injection
method,*® most of the patients studied did not have high
ICP or prolonged periods of low intracranial compliance.

The current experimental study was designed to assess
invivo variations in ICP measured using a standard fluid-
filled intraventricular catheter, an intraparenchymal Cod-
man microsensor, and the Spiegelberg intraventricular
air-pouch catheter system. In addition, we compared in-
traventricular compliance measurements obtained using
the gold-standard manual injection method with those ob-
tained using the Spiegelberg method over arange of path-
ophysiological ICPs. The sheep was chosen as the exper-
imental animal because the sizes of its brain, ventricles,
and cranium are ideally suited to accommodate the size
and disposition of the ICP catheters and sensors being
evaluated.

MATERIALSAND METHODS

All study procedures were regulated according to the
United Kingdom Animals Scientific Procedures Act 1986.
Valid British Home Office Project (PPL 60/2513) and per-
sonal licenses covered the experimental work.

The Spiegelberg system for measuring |CP involves the
use of an intraventricular catheter with an air-pouch bal-
loon situated at the tip. The air-pouch method is based on
the technique described by Marey and Chauveau (as men-
tioned by Geddes®). By maintaining a constant known
volume within the air pouch, the pressure within the air-
pouch balloon is equivalent to the surrounding pressure;
when the catheter tip is placed within the intraventricular
compartment, 1CP can thus be measured at the intraven-
tricular site (Fig. 1).

Two sets of | CP measurement comparisons were under-
taken: 1) the Spiegelberg device with the intraventricular
air-pouch balloon catheter was compared with the fluid-
filled intraventricular catheter connected to an externa
strain-gauge transducer; and 2) the Spiegelberg device
was compared with the Codman intraparenchymal cath-
eter-tip strain-gauge sensor.

Automated measurement of intracranial compliance
made using the Spiegelberg device requires insertion of a
double-lumen intraventricular catheter (Probe 3; Spie-
gelberg KG). One lumen isfilled with fluid and connects
directly with the CSF space, whereas the other connects
the monitoring system to an air-pouch balloon mounted
on thetip of the catheter (this balloon isthe same one used
solely for measuring |CP). Through the latter lumen of the
catheter, automated injections and withdrawals of air can
be made to and from the balloon while it is positioned
within the ventricular CSF space. Added volumes are
small (= 0.1 ml) and the exact volumes added are calcu-
lated after derivation of agorithms based on the gas law
equation:
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Fig. 1. A: Photograph showing the Spiegelberg ICP monitor,
which has an accurately calibrated air pump to maintain the bal-
loon of the air-pouch catheter in a semicollapsed state. The moni-
tor connects to an internal strain-gauge transducer used to measure
the internal balloon pressure. B: Photograph of the air-pouch
catheter with a 2.3-mm outer diameter and a 1-mm inner diameter.
C: Diagram demonstrating that Marey's principle of maintaining a
balloon in a semicollapsed state will result in the pressure within
the balloon being equal to the pressure external to the balloon.

PV =nRT (Eg. D)

in which P = pressure, V = volume, n = number of moles
of gas, R = universal gas constant, and T = temperature
in Kelvins. The resultant perturbations in ICP are detect-
ed through the fluid-filled lumen, which is connected to
an external strain-gauge pressure transducer (Baxter Tru-
wave; Baxter b.v., Uden, The Netherlands).

For this study the filter setting was set for up to 120
injection—withdrawal sequences over a period of approxi-
mately 10 minutes to alow time-averaged compliance
valuesto be cal culated. These values were compared with
those obtained using the manual-injection procedure in
which boluses of 0.9% saline are injected into the ventri-
cular CSF space over aperiod of approximately 1 second.
The mean injected volume was 0.8 ml (change in vol-
ume). Basdline ICP as measured by the intraventricular
externa strain-gauge transducer was noted preinjection,
and the highest | CP measurement was noted postinjection.
Compliance was calculated as the ratio of added volume
to the I CP change resulting from volume addition:

compliance = AV/AP = AV/(Pmax — Pbase) (Eg. 2)
in which V = volume, P = pressure, A = change, Pmax =
highest ICP, and Pbase = basdline ICP.

Surgical Preparation

Five Suffolk cross-bred ewes were used in this study. A
state of anesthesia was induced in each sheep by intra-
venousinjection of etomidate (0.5 mg/kg) and midazolam
(0.5 mg/kg). After trachea intubation, anesthesia was
maintained by administration of halothane delivered in a
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Fig. 2. Upper: Scatterplot showing acomparison between ICP
measurements obtained using the Spiegelberg intraventricular air-
pouch balloon catheter (ICPvb) and those obtained using the in-
traventricular external strain-gauge catheter (ICPvsg). Linear re-
gression andysis yidlds a line of best fit with the equation: y =
1.0063x — 0.9378, anr, value of 0.9846, and a median difference
of —0.45 mm Hg. Lower: Bland-Altman plot in which the dif-
ference between | CP readings obtained using the Spiegelberg intra-
ventricular air-pouch balloon catheter and those obtained using the
intraventricular external strain-gauge catheter is plotted against the
ICP asthe average of the two methods. Average biasis —0.74 mm
Hg, with 95% CLs of —1.54 mm Hg and 0.062 mm Hag.

1:2 O/N,O mixture, and neuromuscular blockade was
achieved 2by addition of cis-atracurium (0.1 mg/kg). The
animals lungs were mechanically ventilated to maintain
PaCO, within a range of 35 to 45 mm Hg. Arterial and
Venous access was obtained, and mean arteria blood pres-
sure was maintained at approximately 90 mm Hg. The
electrocardiogram of each animal was monitored con-
tinuously. The anima was placed in sternal recumbency
throughout the experiment, with its head secured in a
Mayfield pin headholder. The cranium was exposed by a
midline incision and burr holes were drilled 5 mm poste-
rior and lateral to the junction of the coronal and sagittal
sutures. An intraventricular catheter (Cordis, Brentford,
UK) was inserted on the right side for infusion of mock
CSF. A Spiegelberg double-lumen catheter was inserted
into the left ventricle to measure ICP/intracranial compli-
ance. Influx and backflux of fluid from an attached col-
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Fig.3. Upper: Scatterplot showing acomparison between ICP
measurements obtained using the Spiegelberg intraventricular air-
pouch balloon catheter and those obtained using the Codman intra-
parenchymal strain-gauge sensor. Linear regression anadysisyields
alineof best fit with the equationy = 0.9754x + 0.5409, anr, value
of 0.9778 and amedian difference of 0.3 mmHg. Lower: Bland-
Altman plot in which the difference between ICP measurements
obtained using the Spiegelberg intraventricular air-pouch balloon
catheter (ICPvb) and those obtained using the Codman intra-
parenchymal strain-gauge sensor (ICPpcod) is plotted against the
ICP as the average of the two methods. Average biasis 0.01 mm
Hg, with 95% CLs of —0.972 mm Hg and 0.972 mm Hg.

umn of saline were used to aid confirmation of intraven-
tricular placement. A Codman ICP sensor was inserted
into the right frontal brain parenchyma through a separate,
anteriorly placed burr hole. Catheters were secured in
position and all burr holes were sealed with bone wax.
Anesthesia was maintained in the animals throughout
the experiment. At the conclusion of data collection, each
sheep was Killed by an intravenous injection of pentobar-
bital, after which the brain was removed, fixed in 10%
formal dehyde solution, and serially sectioned. Thesebrain
specimens were later examined for gross pathological evi-
dence of tissue damage resulting from catheter placement.

Study Protocol

Each catheter and sensor under comparison was con-
nected to the monitoring units via the appropriate inter-
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face. The Codman intraparenchymal |CP sensor was cali-
brated to zero according to the manufacturer'sinstructions
prior to placement. After the external pressure transducer
connected to the intraventricular fluid-filled catheter was
calibrated to zero and a satisfactory 1CP waveform was
obtained, the data collection sequence was commenced.
Raw data were fed directly into a microcomputer via a
standard RS232 interface and stored. Data were analyzed
with the aid of specialy written in-house analysis soft-
ware. Ten-minute-long datasets were collected at 5-mm
Hg ICP bands, starting at basdine (approximately 3-8
mm Hg) and increasing by 10-mm Hg increments, with
measurements made up to 50 mm Hg. Mock ICP increas-
eswere achieved through regulated continuousinfusion of
normal saline through the right-sided intraventricular
catheter. At each ICP bandwidth, |CP levels recorded with
the Spiegelberg catheter, the fluid-filled intraventricular
catheter, and the Codman sensor were noted for com-
parison.

Minute-by-minute compliance data were fed into the
computer by using a specially written data collection pro-
gram. Collected raw data included dl values for the add-
ed volume (AV) and the ICP values before and after each
volume addition, which occurred approximately once
every 5 seconds. Each run for measurement at a particular
|CP band lasted approximately 10 minutes, with as many
as 120 individua sets of volume—pressure values. Steady
maintenance of the requisite |CP within the proposed ICP
band was achieved by continual adjustment of the saline
infusion rate. The individual sets of compliance datawere
processed, and measurements that were made while the
ICP level was outside the study |CP band were rejected.
Compliance calculated on the basi s of data processing was
recorded.

For each compliance run at a given |CP band, the man-
ua-injection method (previously described) was used at
the beginning and end of each run. The two compliance
values were averaged to provide one measure for com-
pliance using the manual-injection method. Automated
compliance measurements were obtained during the 10-
minute interval between the two manual-injection meas-
urements at that ICP band. Once the ICP had stabilized
after the final manual injection, a set of ICP recordings
were recorded from al three ICP devices under com-
parison.

Statistical Analysis

Pairs of calculated compliance data obtained by using
the automated and manua methods were plotted and a
linear trend line was fitted according to the least-squares
method. The sets of ICP measurements made using the
different systems were similarly plotted. Calculations
were made for Pearson's product-moment correlation
and results were examined using the Bland-Altman pro-
ceduret for comparing two methods of clinica meas-
urement.

RESULTS

Datawere collected from all five animals, yielding ato-
tal of 15 sets of | CP measurements made with the Spiegel-
berg system, the intraventricular fluid-filled catheter with
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Fig.4. Upper: Scatterplot showing measured compliance plot-
ted againgt corresponding ICP. Note the expected correlation
between decreasing compliance and increasing ICP. A line of best
fit has the exponentia equation y = 0.6905x—0.6643. Lower:
Bland-Altman plot comparing compliance measurements obtained
using the Spiegelberg automated compliance device with those
obtained using the manual-injection method. The difference in
compliance between the two methods s plotted against the average
compliance between the two methods. Average bias is —0.019
ml/mm Hg, with 95% CLs of —0.031 ml/mm Hg and —0.0073
ml/mm Hg.

an externa strain gauge, and the Codman sensor. Nineteen
pairs of compliance values that were measured using the
automated compliance device and by using the manual-
injection technique were aso obtained. Technical prob-
lems encountered during placement of the ICP catheter
in the first sheep prevented us from recording a complete
set of |CP measurements with all three |CP devices under
comparison. The ICP vaues for the comparative study
ranged from 3.3 to 44.6 mm Hg (Spiegelberg system), 3.7
to 44.3 mm Hg (fluid-filled catheter with external strain
gauge), and 2.2 to 45.6 mm Hg (Codman sensor). Compli-
ance ranged from 0.0587 to 0.2688 mI/mm Hg measured
using the automated system and from 0.0525 to 0.425
ml/mm Hg measured using the manual-injection method.
The ICP levels at which measurements of compliance
were made ranged from 5 to 48.8 mm Hg.

A comparison of ICP levels measured using the Spie-
gelberg system with those measured using the intraven-
tricular fluid-filled externa strain-gauge catheter reveaed
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Fig. 5. Scatterplot summarizing pilot data on intraparenchymal
compliance measurements obtained in a sheep model of raised ICP
by using a modified air-pouch baloon catheter with a catheter
tip—mounted transducer. It can be seen that, unlike intraventricular
CSF compliance, intraparenchymal compliance has a complex and
possibly biphasic relationship with increased ICP in association
with reduced CPP.

a statistically significant (p < 0.001) linear correlation
(r, = 0.9846) and an average bias of —0.74 mm Hg; the
?5% C;Ls of agreement for bias were —1.54 and 0.062
Fig. 2).

A comparison of ICP levels measure using the Spie-
gelberg system with those measured using the Codman
sensor again yielded a statistically significant (p < 0.001)
linear correlation (R, = 0.9778). The average bias was
0.01 mm Hg, with 95% CLs of agreement for bias be-
ing —0.972 and 0.972 (Fig. 3).

Measurements of compliance obtained using the auto-
mated system showed the typical relationship of decreas-
ing compliance with rising ICP (Fig. 4 upper).

There was a statistically significant (p < 0.001) linear
correlation between the results obtained using the two
methods for measuring compliance (r, = 0.7752). The
average bias was —0.019 ml/mm Hg (95% CLs of agree-
ment for bias —0.031 and —0.0073). The automated
system for measuring compliance yielded lower compli-
ance values compared with the manual technique (Fig. 4
lower).

Macroscopic examination of the fixed brains revealed
fine hemorrhagic tracks associated with insertion of the
double-lumen intraventricular catheters used for automat-
ed measurements of |CP and compliance. In one case, ini-
tial incorrect placement of the intraventricular catheter
resulted in thalamic hemorrhage before the catheter was
drawn back into the ventricle. There was no evidence of
significant subarachnoid, ventricular, or focal parenchy-
mal hemorrhagein any of the other brains. Insertion of the
Codman intraparenchymal catheter and straight intraven-
tricular catheter for ventricular saline infusion resulted in
minimal macroscopic tissue damage.

DISCUSSION

The results of this study demonstrate that the Spiegel-
berg intraventricular air-pouch balloon catheter compares
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well with both the intraventricular fluid-filled externa
strain-gauge catheter and the Codman intraparenchymal
catheter-tip strain-gauge catheter over a wide range of
ICPs in a model of diffusely raised ICP in sheep. The
automated compliance measurements obtained using the
Spiegelberg system demonstrated the expected changesin
compliance with increasing ICP, and the method com-
pared very favorably with the manual-injection method in
obtaining data. Bias and limits of agreement between the
two techniques were similar to those recorded in aclinical
validation study.™® We noted some tissue damage resulting
from insertion of the intraventricular catheters used with
the Spiegelberg ICP/intracranial compliance device, but
this was limited to fine hemorrhage aong the track of
catheter passage and was comparable with the level of
damage expected from placement of an intraventricular
catheter.

When comparing the measurements of ICP obtained
using the three devices, there was one outlier result, with
abias of —4.4 mm Hg between the Spiegelberg intraven-
tricular balloon catheter and the intraventricular fluid-
filled strain-gauge catheter and a bias of —6.2 mm Hg
between the Spiegelberg catheter and the Codman sensor.
These outliers can be explained by the difficultiesinherent
in maintaining a steady state of ICP by using theintraven-
tricular infusion of saline a higher ICP bands, before all
three values were recorded.

Problems with zero drift and robustness continue to be
reported in clinical and experimental studies>'®1516 of the
devices currently used for measuring and monitoring |CP.
Oursisthe first study to demonstrate that the Spiegelberg
intraventricular ICP method is accurate when compared
with both the standard intraventricular method and the
currently widely adopted intraparenchymal system. This
new system with its inherent automatic zero function in
vivo is worth assessing in larger clinical studies to evalu-
ate its longer-term zero drift and robustness.

Although there is a theoretical advantage in measuring
volume and pressure parameters such as the pressure-vol-
ume index” and the volume—pressure response®® these
measurements have previoudy depended on manual-in-
jection methods. Their use in clinical practice has been
limited because of the labor-intensive process of obtaining
repeated measurements, which requires an accurately cal-
ibrated rate and volume of injection, and because of the
inherent risks of infection. In addition to providing auto-
mated measurements of compliance that are comparable
in accuracy with those obtained using the manual-injec-
tion method, the Spiegelberg system has the capacity for
continuous measurement and monitoring of intracranial
compliance. There remains, however, the task of identify-
ing critical thresholds in compliance values in patients
with brain injury, and their utility as ameans of predicting
risesin ICP. Toward this end, an international multicenter
study has been undertaken to collect patient data that will
help validate the predictive relationship between faling
intracranial compliance and increasesin ICP, aswell asto
determine the thresholds of poor compliance (for infor-
mation, consult the “Brain-IT” website at http://www.
brainit.gla.ac.uk/brainit).

There are some limitations to the current automated
system for measurement of intracranial compliance.
Aboveall, intraventricular placement of the air-pouch bal-
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loon is required for volume additions. At many centersin
the United States and the United Kingdom it is standard
policy to use intraparenchymal—but rarely intraventricu-
lar—catheters in the care of patients with acute brain in-
jury. Additionaly, in some patients it is difficult to can-
nulate the small ventricles. If the Spiegelberg method of
monitoring both ICP and intracranial complianceisto find
widespread clinical application, the system needs to be
modified to enable measurement of compliance in the in-
traparenchymal compartment.

Figure 5 provides a summary of pilot data on intrapa-
renchymal compliance measurements obtained in a sheep
model of raised ICP using a modified air-pouch balloon
catheter with a catheter tip—mounted transducer. It can
be seen from this that, unlike intraventricular CSF com-
pliance, intraparenchymal compliance exhibits a complex
and possibly biphasic relationship with increased ICP in
association with reduced CPP. This may correlate with
earlier findings that the pressure—volume index varies di-
rectly with CPP within limits of autoregulation, and indi-
rectly with CPP below the autoregulatory range.® Meas-
urement variability is high and further observations are
required; however, intraparenchymal compliance moni-
tored using this method may act as a measure of a more
complex function of brain perfusion and of physiologi-
cal, rather than physical, compliance. Additiona studies
of this phenomenon are currently in progress.

Despite its limitations, the current double-lumen cath-
eter system used for continuous intraventricular compli-
ance measurement in this study retains potentia clinical
advantages, including its automatic zero drift—correct-
ed measurement of ICP and the fact that it permits CSF
drainage as a treatment option.
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