
1450 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 58, NO. 5, MAY 2011

Dynamic Brain Phantom for Intracranial
Volume Measurements

Sukhraaj S. Basati, Timothy J. Harris, and Andreas A. Linninger*

Abstract—Knowledge of intracranial ventricular volume is im-
portant for the treatment of hydrocephalus, a disease in which cere-
brospinal fluid (CSF) accumulates in the brain. Current monitor-
ing options involve MRI or pressure monitors (InSite, Medtronic).
However, there are no existing methods for continuous cerebral
ventricle volume measurements. In order to test a novel impedance
sensor for direct ventricular volume measurements, we present a
model that emulates the expansion of the lateral ventricles seen
in hydrocephalus. To quantify the ventricular volume, sensor pro-
totypes were fabricated and tested with this experimental model.
Fluid was injected and withdrawn cyclically in a controlled manner
and volume measurements were tracked over 8 h. Pressure mea-
surements were also comparable to conditions seen clinically. The
results from the bench-top model served to calibrate the sensor for
preliminary animal experiments. A hydrocephalic rat model was
used to validate a scaled-down, microfabricated prototype sensor.
CSF was removed from the enlarged ventricles and a dynamic vol-
ume decrease was properly recorded. This method of testing new
designs on brain phantoms prior to animal experimentation accel-
erates medical device design by determining sensor specifications
and optimization in a rational process.

Index Terms—Deformable brain model, hydrocephalus,
impedance of brain tissue, ventricular size measurement, volume
sensor.

I. INTRODUCTION

THE VENTRICULAR system of the brain is composed
of two lateral ventricles, one in each of the hemispheres.

Centrally placed are the third, and fourth ventricle, which drains
cerebrospinal fluid (CSF) into the cerebral subarachnoid space
via the foramen of Lushke and foramen of Monroe. In diseases
such as hydrocephalus, the ventricular spaces may expand dras-
tically. The lateral ventricles undergo the largest expansion often
from 1 mL up to 30 mL, while the third ventricle may grow from
1 to 8 mL [1]. Fig. 1 shows a 3-D model of normal and enlarged
ventricles reconstructed from human MRI data depicted in the
top row. The enlarged ventricles are clearly discernable.
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Fig. 1. Deformation patterns of the ventricular system in hydrocephalus. (Left)
3-D reconstructions of the ventricles are obtained from a normal subject and
(right) patient with obstructive hydrocephalus with the MR images shown on
the top row. The lateral ventricles are chosen as the location for a volume sensor
because large expansions from 1 to 30 mL typically occur there.

Treatment methods for hydrocephalus have not changed sig-
nificantly over the past 50 years [2]. Most patients are treated
with either a third ventriculostomy or a pressure shunt; how-
ever, several shunt revisions are necessary over the course of a
patient’s life due to shunt malfunction or infection [3]. Current
treatment also tends to be insufficient due to wide pressure varia-
tions from daily activity, hydrostatic elevation, or even weather.
Shunt obstructions can also occur due to clogging. Unsatisfac-
tory results from these wide pressure variations and/or shunt
obstructions can be detrimental to the patient [4]. The annual
cost of the treatment for hydrocephalic patients in the United
States alone accounts to around $1 billion.

An understanding of intracranial dynamics is also essential
for developing more effective treatments [4]. Unfortunately,
very little is known about the precise dynamics of intracranial
pressure during ventricular volume expansion. For example, in
idiopathic normal pressure hydrocephalus, the ventricles are en-
larged, yet the intracranial pressure remains normal [5], [7].
While intracranial pressure can now be measured with de-
vices like the InSite pressure sensor [6], there is currently no
method to measure ventricular expansion other than using MRI,
which is impractical for continuous monitoring and the measure-
ments cannot be integrated with an intelligent shunting system.
Dynamic volume and pressure measurements would provide
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valuable online and in vivo information, which would help to
develop a better understanding of the disease’s pathophysiology.
More importantly, dynamic volume and pressure measurements
would enable treatment options using sensor-based control with
active feedback.

To monitor ventricular enlargement, we recently proposed
the direct cerebral ventricular volume measurement through a
novel impedance sensor [8]. This sensor induces a weak internal
electric field inside the brain using a pair of excitatory electrodes.
Another set of sensing electrodes measures the potential drop
due to large electrical conductivity differences between CSF
and brain [9]. The measured voltage drop corresponds to the
size of the CSF-filled space. The voltage–volume relationship
relies on the high electrical conductivity ratio between the CSF
fluid and surrounding brain tissue, which we determined to be
in the order of 12 [8], [10].

Medical device development such as our novel sensor re-
quires specification and optimization of numerous parameters.
That is why testing a prototype design in bench-top surrogates
is advisable. Previous bench-top models for the brain have in-
cluded rigid plexiglass models of the skull filled with potassium
chloride [12], or stiff agarose gel models for electrode insertion
and drug transport studies [13], [14]. In our previous work, we
also tested the impedance sensors in fixed agarose gel casts of
the brain ventricles; however, agarose gel is rigid and brittle,
thus, limiting the possibility to do dynamic deformation tests.
Agarose gel also has the tendency to shear and crack under me-
chanical loads [15]. This paper presents a bench-top deformable
brain surrogate with properties similar to brain tissue under large
dynamic volume expansion. Specifically, the performance of the
novel sensor in an expansion of a CSF-filled cavity consistent
with the expansion in the clinically relevant size range for hy-
drocephalus will be demonstrated.

This paper is organized as follows. Construction of a dy-
namic gel model that mimics the ventricular expansion in hy-
drocephalus is discussed in Section II. It also presents the sen-
sor’s calibration to calculate cavity size from a given voltage
measurement. The sensor fabrication method is also illustrated.
Section III reports actual dynamic volume measurements in
cyclic expansion, as well as the performance and sensitivity
of the sensor along with a comparison of electrode materials.
The outcome of the bench-scale experiment was used to de-
sign a miniature sensor for preliminary hydrocephalic animal
tests found in Section V. The paper finally concludes with a
discussion of findings and an outlook for future work.

II. METHODS

A. Brain Phantom

The surrogate brain has a cavity filled with artificial CSF
that can be expanded or contracted in a precise and controlled
fashion. Silicone gel was chosen as the surrogate for brain tis-
sue, because its viscoelastic properties permit large expansion
suitable for dynamic deformation tests. Its material strength,
such as the shear modulus is similar to those found in humans
during in vitro testing [16]. Table I lists the elastic modulus of
gel as Ggel = 4.7 × 10−3 Pa, which is similar to that of brain

TABLE I
COMPARISON OF PHANTOM PROPERTIES AND BRAIN TISSUE

Fig. 2. (a) Final dynamic brain phantom. (b) Schematic showing the CSF-filled
space and boundary with the gel. (c) Analog instrumentation board consisting
of 1) current source, 2) instrumentation amplifier, and 3) rms to dc converter.

Gbrain = 2.9 × 10−3 Pa. Due to silicone gel’s material prop-
erties, it can undergo large deformation without cracking or
disintegration. Additionally, the dielectric property of silicone
gel is critical in order to permit the distribution of an induced
electric field for impedance measurements. Another advantage
is its transparency, which allows for quantification of the bound-
ary displacement.

A realistic model was created with a ventricle-shaped cavity
surrounded by silicone gel. This was achieved by using a reverse
cast of the model using clay. This cast was then coated with a
1/16 in layer of paraffin. The shape of the inner cavity was made
to match to that of a normal human ventricle of about 4 cm3

in volume. A paraffin ventricle-shaped solid was then formed
at the end of a 1.5-mm polyethylene inlet tube. This tube and
ventricle solid was suspended within the bounds of the reverse
cast. The ventricle shell was then created with silicone dielectric
gel (Dow Corning Sylgard 527 A & B). After the gel had set,
the entire cast and gel was placed into boiling water in order to
dissolve the reverse-cast paraffin wax, leaving behind only the
ventricular gel cavity.

Fig. 2 shows the gel model and a schematic of the volume
expansion induced by injection of artificial CSF. The dynamic,
deformable ventricle model was expanded by injection and with-
drawal of the artificial CSF using a programmable pump (New
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Fig. 3. Fabricated prototype microsensors used in test of the brain phantom.
(A) Prototype human size sensor. (B) Scaled-down rat microfabricated sen-
sor used in hydrocephalic animal tests. Electrodes 1 and 4 are the excitatory
electrodes, while 2 and 3 are the measurement electrodes.

Era Pump Systems, Inc.). In the human brain, CSF is produced
at a typical rate of 0.3 mL/h. Therefore, this production rate was
selected for fluid injection and withdrawal. Realistic ventricular
volume changes were matched in the range of ±10 mL.

B. Microfabrication of a Volume Sensor

To microfabricate the impedance sensor, thin slits were cre-
ated in a 400-μm-polyimide tubing using a dicing saw at the
Nanotechnology Core Facility, University of Illinois at Chicago.
Insulated wires 60 μm in diameter were abraded on both ends
and passed through these openings to connect the microelec-
trodes and the output pins. Thirty-two gauge stainless steel tub-
ing was diced and electroplated with platinum to create cylin-
ders. These cylinders were then passed over the catheter and
bound to the internal wires using conductive epoxy (MG Chem-
icals). The clearance between the top of the cylinder and the
catheter was sealed with flowable silicone sealant to prevent
fluid inflow. The fabrication procedure allowed manufacturing
the human-sized sensors with 1.3-mm outer diameter. A rat-
sized microsensor with 500-μm outer diameter was also de-
signed and manufactured. The scaled down, rat microsensor is
shown in Fig. 3.

C. Instrumentation

The instrument required to operate the sensor are shown in
Fig. 2. The instrumentation consisted of a sine wave genera-
tor connected to a JFET input operational amplifier (Motorola
TL071 ACN). This was configured as a voltage to current con-
verter with connections to the excitatory electrodes. The mea-
surement electrodes were differentially measured with an instru-
mentation amplifier (Analog Devices AD 620). The difference
was sent to a true rms to dc converter (Analog Devices AD 636),
which was then sent to Labview for storage and analysis.

III. RESULTS

A. Volume Expansion

Fig. 4 illustrates the wide range of volume expansion the
ventricular model is capable of performing. Ventricular volume

Fig. 4. Expansion of the cavity. Deformed cavity (B) is compared to the normal
size (A). The displacement of the cavity boundary due to CSF accumulation is
comparable to clinical conditions.

Fig. 5. Calibration curve to calculate volume from voltage readings in dynamic
model. Voltages correspond to known fluid volumes injected into the dynamic
model to calibrate the nonlinear voltage–volume relationship of the sensor.

from hydrocephalic patients can increase 30 times the normal
size. Similarly, the model is also able to expand up to ten times
the base volume. For volume increases beyond that limit, the
model may crack near the fittings with the sensor. Therefore,
we chose not to induce expansions beyond 30 mL.

B. Calibration

To convert measured voltage values to volume, a relationship
between volume and time was created in calibration experiments
using the brain phantom. This procedure related voltage and vol-
ume. An exponential decay was used to closely approximate the
voltage–volume relationship. Fig. 5 shows the calibration curve
plotted in MATLAB. Equation (1) was then used to convert sub-
sequent voltage measurements into calculated volume, with the
fitted parameters as: α = 1.23, β = 2.9, γ = 573, and δ = 0.43

Volume = αe−βvoltage + γe−δvoltage . (1)

While the dynamic measurements were used to assess the
tracking capabilities in a human-sized gel phantom, we needed
to assess the performance of the rat-sized sensor. Therefore,
we also performed measurements in static gel phantoms. Fig. 6
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