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This paper presents a sensor for monitoring and controlling the volume of the cerebrospinal fluid-filled
ventricles of the brain. The measurement principle of the sensor exploits electrical conductivity differ-
ences between the cerebrospinal fluid and the brain tissue. The electrical contrast was validated using dog
brain tissue. Experiments with prototype sensors accurately measured the volume content of elastically
deformable membranes and gel phantoms with conductivity properties made to match human brain. The
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sensor was incorporated into a fully automatic feedback control system designed to maintain the ven-
tricular volume at normal levels. The experimental conductivity properties were also used to assess the
sensor performance in a simulated case of hydrocephalus. The computer analysis predicted voltage drops
over the entire range of ventricular size changes with acceptable positional dependence of the sensor
electrodes inside the ventricular space. These promising experimental and computational results of the
novel impedance sensor with feedback may serve as the foundation for improved therapeutic options for

lyingV
E

hydrocephalic patients re

. Introduction

Cerebrospinal fluid (CSF) is a colorless fluid with a consistency
imilar to that of blood plasma. CSF is secreted from the arterial
lood in the choroid plexus and the brain parenchyma. It circulates
hrough the cerebral ventricular and subarachnoid spaces and is
eabsorbed into the venous blood of the sagittal sinus. When the
ormal CSF pathways are obstructed, CSF accumulation causes the
nlargement of cerebral ventricles. The ventricular enlargement is
ften accompanied by increased intracranial pressures that lead
o severe medical impairments such as the compression of brain,
trophy of the neural tissues or impaired blood flow. Acutely, it
ay even cause coma or death [1]. Hydrocephalus is a serious

ealth problem for infants, adults, and the elderly with a treat-
ent cost of around $1 billion per year in the United States alone

2]. Over 150,000 people are diagnosed with hydrocephalus each
ear in the U.S. with more than 25,000 patients undergoing shunt-
ng operations. Shunting involves the removal of the excess CSF
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n the ventricles using a catheter; unfortunately, it often fails. The
verage functional period of a shunt is only five years, even though
atients need them for their entire life. In children, the failure rate
f shunts was 50% over five years. In adults, the reported com-
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on volume sensing, monitoring or active feedback control.
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plication rate is almost 35% with a 2.7% mortality rate [3]. These
statistics show a clear need for improvements to hydrocephalus
treatment.

1.1. Shortcomings of existing hydrocephalus treatment

Existing shunt treatment for hydrocephalus involves the
removal of excess CSF from the ventricles using a pressure valve
[4]. When the intracranial pressure (ICP) rises above a preset level, a
pressure-sensitive valve opens thus allowing the CSF to drain from
the ventricles through a catheter into the peritoneal cavity. Pres-
sure shunts only open at elevated ICPs. However, the ICP varies
widely according to changes in the body position and activity. In
addition, some patients suffer from enlarged ventricles despite ICPs
within normal ranges. This syndrome is known as normal pressure
hydrocephalus. Moreover, the lack of correlation between the ICP
and enlarged ventricles may be responsible for the overdraining
or underdraining of CSF that often occurs with existing shunts.
Overdrainage can lead to the collapse of ventricular spaces caused
by excessive CSF removal. Underdraining occurs due to insufficient
CSF efflux thus increasing the ventricles again. In light of these
shortcomings, it is plausible to consider measuring the ventricu-
lar volume in addition to pressure measurements. The objective of
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this work is to demonstrate the feasibility of measuring ventricu-
lar volumes directly based on differences in electrical conductivity
between the CSF and brain tissue. Direct volume measurements
would also permit active volume control using feedback princi-
ples.
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with a gain of 124 dB. This signal was also connected to an oscil-
loscope for voltage measurements. Volume sensing experiments
were conducted within safe levels of current stimulation without
causing neuron activation or hydrolysis [14].

Table 1
Summary of sensor specifications including material, spacing
interval, and other dimensions.

Parameter Value

Number of electrodes 4
Electrode shape Cylindrical
ig. 1. Proposed CSF volume sensor with feedback control. The volume sensor is show
nit (2) which also provides power and RF signal transmission. The micro-pump (
olume.

The paper is organized as follows. A protocol to demonstrate
he principle of the fluid volume sensor including volume mea-
urements on brain surrogates and preliminary feedback control
s outlined in Section 2. The electric field properties of the multidi-

ensional CSF-filled brain cavities are analyzed with rigorous finite
lement analysis. The results of the conductivity experiments are
rovided in Section 3. Section 4 discusses experimental sensor tests
nd critically assesses performance in light of the requirements for
novel therapy. The validation in Section 5 examines size changes
nd sensor positional dependence in real human brain geometries,
s a function of electric field and sensor configurations simulated
ith a rigorous finite element model.

. Methods

.1. Measurement principle of the sensor

Fig. 1 shows the vision of a new hydrocephalus treatment
ased on direct volume measurements. A conductance catheter
o measure the size of a fluid-filled cavity consists of excitatory
nd measurement electrodes. An alternating current is introduced
hrough the excitatory electrodes, thus creating an electric field
xtending in the fluid-filled cavity as well as the surrounding tissue.
he measurement electrodes are positioned at a fixed distance of
ach other and detect voltage drops across the fluid-filled space. If
he conductivity of the surrounding tissue is sufficiently different
rom the conductivity of the fluid in the cavity, then the detected
oltage drop is a function of the fluid-filled space. Dynamic vol-
me increase can be detected as decreasing voltage drops across the
easurement electrodes [5]. This principle for measuring cerebral

entricular volume is similar to the principles of the cardiac con-
uctance catheter [6–11]; a difference is that our sensor is intended
or control of a cavity size, not only measurement.

The volume of CSF-filled ventricles, Vf, is directly related to the
easured voltage difference, �U, as in Eq. (1) with ˛, a calibration

actor; �csf the specific conductivity of CSF; L, the distance between
he electrodes; I, the current emitted; Gbrain, the conductance of
rain tissue; and GCSF, the conductance of CSF [6,7].

( )
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f = ˛ �csf L2(GCSF − Gbrain) = ˛ �csf L2 I

�U
− Gbrain (1)

A similar principle known as the electrical impedance tomography
s a technique for detecting brain conductance changes to map brain
unction [12–14]. However, despite earlier efforts in conductance
1). It feeds voltage drops sensed at the measurement electrodes to a microcontroller
ives a control signal from the microcontroller to maintain the desired ventricular

measurements, to date no one has successfully implemented a sen-
sor for direct volume measurement of the CSF-filled cerebral ventricles
surrounded by brain tissue.

2.2. Three-dimensional conductance–volume measurements

In order to test sensor performance in realistic ventricular
geometries, we created surrogate brain phantoms using three-
dimensional molds of agarose gel (Sigma–Aldrich) designed to
match the conductance properties of brain tissue and filled them
with artificial CSF. By adding salt, the formulation of the gel was
adjusted to closely match the electrical conductivity of brain tissue.
Four molds of different sizes were created to cover the expected
range of ventricular enlargement. The silicone-insulated catheter
held a sensor consisting of four equidistant platinum/iridium elec-
trodes separated by a distance of 1.5 mm. The prototype sensor
specifications are summarized in Table 1. The outer pair was
excitatory; the inner pair served as measurement electrodes. The
alternating current source consisted of a function generator (BKPre-
cision) in series with a 10 k ohm resistor, as shown in Fig. 2a. This
signal was connected to the inverting input of an operational ampli-
fier (Texas Instruments), which maintained the amplitude constant.
A wider frequency range was tested but reported results used
a frequency at 1 kHz [15]. The actual current across the excita-
tory electrodes was verified by measuring the voltage drop across
the resistor. The voltage drop of the measurement electrodes was
detected and sent to an instrumentation amplifier (Analog Devices)
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Electrode length 1.5 mm
Electrode spacing 1.5 mm
Stimulating electrodes Platinum/iridium
Insulating catheter Silicone
Catheter radius 1 mm

dx.doi.org/10.1016/j.medengphy.2009.03.011
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sue. In a set of separate experiments, the average conductivity of CSF
was found to be 2.01 S/m. This value is about twelve times higher than
that of brain tissue. This contrast ratio between CSF and brain tissue
was found to be in good agreement with published data [16–18].

Table 2
Boundary conditions and material properties used for computer simulations using
finite element analysis.

V

ig. 2. Experimental setup of three-dimensional volume measurement experimen
onductivity properties similar to the brain. B shows the conceptual circuit diagram
he reading was sent to a flow controller, FC, which controlled a micro-pump. Feed

.3. Experimental setting for the feedback control system

The feasibility of directly maintaining and restoring normal ven-
ricular sizes was tested by means of a closed loop feedback system
ith the volume sensor and a mini-pump actuator (Mk III, Hob-

ico Inc., Champaign, IL). The equivalent circuit diagram is shown
n Fig. 2b. Input voltages ranging from 1 V to 5 V with a frequency
f 100 kHz generated an electric field of ∼0.0025 V/m in the fluid
pace between the two measurement electrodes. 100 cc of artifi-
ial CSF was initially filled into an elastic rubber balloon; a baseline
eading for the calibration of the sensor was taken. Artificial CSF
n the range of 5–350 cc volume was added by a second miniature
ump to emulate CSF accumulation leading to ventricular expan-
ion. The sensor processed voltage data with a sampling rate of
our readings per second to the controller. The digital controller
ompared the actual volume with a desired set point to com-
ute the desired control action. The controller output operated
he pump actuator. Several control schemes including proportional,
roportional integral, as well as on–off control were implemented
ith the virtual instrument panel of LabVIEW (National Instru-
ents).

.4. Computer-aided sensor optimization

In order to estimate leakage currents and optimal distance of
he sensor electrodes as well as to assess the dependence of vol-
me measurements as a function of catheter position, a rigorous
nite element analysis was conducted. The solution of the scalar
eld equations, V(−→x ), in the cavity and surrounding brain tissue
llowed calculation of the equipotential lines and the prediction of
he voltage drop at the measurement electrodes for any geometry
f the cavities or different catheter configuration. In the simula-
ions, electrical properties of fluid and brain tissue were taken from
he experiments described above. The measured electric potential
esided in a computational domain with the electrical conductivity
f the CSF, �1 = 2.01 S/m, and �2 = 0.172 S/m for the brain. Neumann
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oundary conditions as in Eq. (2) and in Table 2 were applied with
current density of 16.66 A/m at the upper excitatory electrode,
, while the lower electrode, D, was grounded. The measurement
lectrodes were represented as surfaces B and C; the measurement
lectrodes were considered perfectly insulated. The finite element
ame A shows a CSF-filled three-dimensional cavity molded into agarose gel with
the control scheme for controlling the volume of fluid contained within the cavity.
ontrol was implemented using an on–off algorithm and a flow transmitter, FT.

model in Eq. (2) was solved with ADINA [20].

�
−→∇ 2

V(−→x ) = 0 (2)

with −→n · −→
J = �

−→∇ V(−→x ) = 16.66 A/m2 at the excitatory electrode
A; V = 0 at electrode D.

3. Results

3.1. Static conductance–volume measurements

Before animal or human experimentation, we wanted to opti-
mize the electronic properties and design parameters of the novel
volume sensor using expedient bench-testing on brain surrogates
with realistic geometry and electronic properties equal to real
brain tissue. In a series of experiments, we exactly determined the
amount of salt needed to obtain the same contrast ratio of conduc-
tivity between artificial CSF and gel as found between artificial CSF
and real brain tissue. To emulate the complex shape of real ventri-
cles in human brains, we cast three-dimensional ellipsoidal cavities
with realistic shapes depicted in Fig. 3.

3.2. Dog brain conductivity experiments

Static experiments were performed to validate the sensor prin-
ciple in real brain tissues. These experiments provided a means to
validate the electrical conductivity ratio between CSF and brain tis-
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Condition Gel phantom cavity Human brain hydrocephalus

Neumann −→n · −→
J ∈ SA.D

−→n · −→
J = 16.66 A/m2 −→n · −→

J = 0.88 A/m2

Dirichlet V = SB,C V = 0 V V = 0 V
Brain tissue conductivity 0.172 S/m 0.172 S/m
CSF conductivity 2.01 S/m 2.01 S/m
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