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Planar Saline Bath Phantom of the Rush Head Model
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Abstract— The Rush head model is an approximation of the
volume conducting properties of the human head. A planar
saline bath phantom was developed to simulate the key
properties of the Rush head model while creating a testing
platform for implantable neural devices. The phantom closely
mimics electrical properties of human tissue such as increased
resistivity through the skull region and current flow that wraps
around the head. Preliminary testing shows good agreement of
the saline bath phantom to predictions from a computer model.

I. INTRODUCTION

USH developed the three-sphere model of the human

head as a simplified representation of the true head
anatomy [l]. The homogeneous layers in the model
represent the brain, skull, and scalp with radii of 8.0, 8.5,
and 9.2 cm respectively and a brain:skull:scalp resistivity
ratio of 1:25:1 (Fig. 1a). The Rush model is a cornerstone in
neural electrophysiological research and appears in hundreds
of citations. Physical realizations of head models, such as a
resistor mesh model [2] and a gelatin model [3] have been
constructed; however, these are not practical when
conducting multiple experiments involving implanted
devices of different sizes, depths, and locations within the
scalp. A saline bath is a more convenient analog of tissue
[4], but a spherical saline bath presents obvious difficulties.
A planar saline bath phantom was developed to create a
simple testing platform for cranial implant experimentation
while maintaining the major properties of the Rush head
model, including the ability for current between two
electrodes on the scalp to wrap around the scalp in all
directions as well as pass through the high resistance of the
skull and into the brain.

II. METHODS

A. Phantom Construction

Each concentric region of the Rush head model was
projected onto a thin planar region according to the
HEALPix discontinuous conformal mapping technique (Fig.
1b) [5, 6, 7]. Many planar projections of a spherical surface
have been developed. None of these projections maintain
surface distances. However, the HEALPix model maintains
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surface area. Preservation of surface area is useful for
modeling surface-area dependent effects such as absorbing
electromagnetic energy or emitting heat via convection.
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Figure 1: (a) The Rush head mo(de3 is a spherical core for the brain

and outer layers for the skull and scalp. (b) The HEALPix projection

maps the surface of a sphere onto a plane. (c) The HEALPix
projection distorts surface distances along the 0°, 90°, 180° and 270°
longitudes. Only the light red region in Fig. 1b is plotted in Fig. lc.

The HEALPix projection maintains accurate surface
distances only along the equator, allowing for accurate
measurements of distance-dependent effects such as the
electric field and current flow there (Fig 1c). The HEALPix
projection has severe distortion where the lines of longitude
bend, limiting the wusefulness of the model if the
phenomenon being studied is critically dependent on these
regions.

An acrylic assembly, based on the HEALPix projection, is
placed in a saline bath to mimic the electrical properties of
biological tissue (Fig. 2). To achieve the desired dimensions
and resistivity, the brain and scalp are modeled as 7 and 80
mm thick layers of saline with a resistivity of 3 ohm*meter
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(0.3M NaCl) [8]. The increased resistivity of the skull is
modeled by a 5 mm thick acrylic sheet (Chemcast GP)
perforated with 1 mm radius holes on a 9 mm x 9 mm grid to
create a 4% open area material.
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Fig. 2: (a) Aerial view of the acrylic assembly. The walled interior region
is 58 by 29 cm. (b) Cross-sectional view of the saline bath phantom. (c)
Photo of the acrylic assembly.

As portrayed in Fig. 2a, the thick black lines represent the
trenches cut into the acrylic sheet to position the acrylic side
walls that restrict current flow to within the scalp and skull.
The red lines are 14 gauge copper wires used to electrically
connect regions of the scalp that would be connected in the
three-sphere model, but are physically disconnected in the
projection. The ends of the wires are inserted just inside the
walls with approximately 2 mm of insulation removed.
Similar wires connect the upper layer of the brain.

In Fig. 2b, the acrylic walls (37 mm tall, 3 mm thick) used
to restrict the current flow within the scalp and brain regions
can be seen above and below the crosshatched region that
represents the perforated acrylic skull. All acrylic pieces
were machined with a Universal Laser System VLS 6.60.
(Machining files are available.) Plastic bolts and spacers
were used to suspend the assembly in saline. The assembly
sagged a few mm in the middle so horizontal supports (not
shown) were attached.

B. Phantom Measurements

To verify the use of perforated acrylic as a means to
increase the resistance, a test piece was created with

perforations identical
to the full model (Fig.
3). A lateral voltage
was created in the
saline by driving the
working  electrodes
with an AC voltage
source. The amplitude
of the source was
adjusted to maintain
constant amplitude on
the sense electrodes.
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Fig. 3: Experimental set-up to test made. (Keithley 2000
resistivity of perforated acrylic as a skull Multimeter) across

substitute. the perforated piece
and across the saline.
The ratio of the potential drop across the skull to the
potential drop across the saline was used as a representation
of the skull:scalp resistivity ratio for comparison to the

desired ratio of 25:1.
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Fig. 4: Experimental set-up to test the electrical properties of the saline
phantom. (a) Cross-sectional view of the measurement system. (b)
Aerial view of the probe locations.
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Fig. 4 shows the experimental set-up used to measure
voltages and resistances in the phantom. The set-up used two
Agilent 33220A function generators, applied at electrodes A
and E, with equal-amplitude 100 kHz sine waves of opposite
polarity to create a neutral voltage line along the center and
lateral edges of the model. The location of electrodes A and
E matches the location of the electrodes of an experimental
implanted device. To ensure that the function generators had
equal current amplitudes, the amplitude of one was adjusted
until the voltage at node C was zero. A frequency of 100
kHz was chosen for the low impedance at the saline-probe
interface and the high input impedance of the test equipment
relative to the saline. The model symmetry allowed for
measurements to be taken in only one-quarter of the saline-
bath (shaded region of Fig. 4b). The mobile electrode, G,
was used to measure the potential with a Keithley 2000
Multimeter and Tektronix TDS 340A Oscilloscope. The
voltages measured on electrode G were scaled by the voltage
on F so that variation in the saline resistivity or probes A and
E impedance did not influence the data.

Three measurements were performed with the test set-up
shown in Fig. 4:

(1) The potential was measured at every perforation (gray
dots in Fig. 4b) to determine the similarity between the
volume conducting properties of the phantom and those of a
computer simulation (COMSOL) of both the true three-
sphere model and a simulation of the actual saline bath
phantom.

(2) The copper wires create a low impedance electrical
connection between physically disconnected regions of the
model. Measurements were taken with and without the wires
to determine the effect of the wires on model connectivity.
To block the conductance of the wires, petroleum jelly was
used to cover the exposed copper wire tips. The effect-of-
wires measurements were compared to the equivalent
computational model.

(3) To quantify the division of current between the scalp
and the brain, the relative resistance between electrodes B
and F was found when the brain and skull regions were
blocked versus unblocked. The skull and brain were blocked
by covering the perforations with 0.25 mm thick Mylar.

Plotof COMSOL Sphers Vokage Distrbution

Flat 2f COMSOL Tub Yoltage Distribution

2 @ @ W W @ @ e i 0
0 20 40 B B 100 120 140 160 180
Vanitida fdor

Longitude deg)

() (b)

;
by

£ | 002
s
5

b

1 4 0

o 2 0 &@ 180 Ly 0 40 £

III. RESULTS

Table 1 gives the ratio of the potential across the
perforated acrylic to the potential through the saline (see Fig.
3 for set-up). The results closely resemble the desired 25:1
ratio.

TABLEI
RESULTS OF SKULL RESISTANCE MEASUREMENTS
Frequency Ratio
10 kHz 27.5
100 kHz 27.7
1 MHz 27.6

The results of the three measurements on the saline-bath
phantom (Fig. 4) are:

(1) The predicted voltages from COMSOL for the three
dimensional Rush head model were plotted on a HEALPix
grid (Fig. 5a) for easier comparison to the saline bath
models. The measured voltages for the phantom (Fig. 5c)
were compared to the predicted voltages from COMSOL
(Fig. 5b). The maximum error was 3% of full scale (Fig. 5d).

(2) Measurements were made in the phantom and
calculated in the COMSOL model with the wires connected
and disconnected (Fig. 6). With the wires connected, the
voltage in the phantom decayed to nearly zero at 180
degrees as predicted by COMSOL. With the wires
disconnected, the voltage in the phantom also decayed at
higher longitudes unlike the COMSOL prediction.

Effect of Wires on Scalp Conductance

A
AL
n W emeeaa COMSOL
1 A\
% 0.8 ‘, .\ . Disconnect
3 ’, \\ """""""""
= 06 t >
2 / \\ COMSOL
% 04 i o _ Connect
-] -
c /7 \\\\ ™
§ 02 LA AN e e Measured
3 / \ Disconnect
2 0 '
E Measured
3 0 100 Connect
Longitude (deg)

Figure 6: Effect of the copper wires on the scalp potential as
measured in the saline-bath phantom (black) and estimated in the
computational model (red). All measurements were taken at zero
latitude.
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Figure 5: (a) Relative voltages from the COMSOL three-sphere model mapped onto the HEALPix projection. (b) COMSOL prediction for the phantom.
(c) Measured values from the phantom. (d) Error between measured values (Fig. 5¢) and COMSOL phantom model (Fig. 5b). The maximum errors of
3% are near the poles and the electrodes. In all four plots, blank squares correlate to locations where electrodes A through F prevented measurements.
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(3) The ratio was calculated for the resistance of the entire
model (scalp, skull, and brain) to the resistance of the scalp
alone. This comparison was made for the phantom, the
COMSOL model of the phantom, and the COMSOL model
of the Rush three-sphere model. The data (Table 2) shows
the discrepancy between the COMSOL calculations and the
measured data. (The raw measured data is 682 ohms for the
scalp alone and 306 ohms with the skull and scalp.)

TABLE 2
RELATIVE RESISTANCE OF SCALP WITH VERSUS WITHOUT
THE SKULL AND BRAIN

Scenario Ratio
COMSOL Sphere 0.63
COMSOL Planar Bath 0.57
Measured 0.45

IV. DISCUSSION

The saline bath error plot (Fig. 5d) and the effect-of-wires
measurements (Fig. 6) support the key goal for a phantom of
the Rush model, namely, current flow in all directions.
However, the effect-of-wires measurements (Fig. 6 solid
black curve) do not reach zero at 180 degrees. This may be
due to wire inductance of ~1 pH and the copper-saline
interface impedance [9, 10]. The COMSOL model predicts a
constant potential in the 90-180 degree longitude region
when the wires are removed (Fig. 6 dotted red curve).
However, the measured values did not have a constant
potential in the outer regions of the model (Fig. 6 dotted
black curve). The decay in the measured voltage may be
caused by current flow due to the capacitive properties of the
Mpylar used to block the skull perforations, the impedance of
probe G, or magnetic coupling of the scalp saline to the
brain saline.

Significant differences were seen between the relative
resistance ratio of the scalp with and without the skull and
brain regions (Table 2). This discrepancy uncovered a
necessary improvement to the phantom; the depth of the
brain region should be 5 cm instead of 8 cm. The 8 cm
depth was chosen to match the radius of the Rush model but
COMSOL modeling of the phantom revealed that a S5cm
depth would give the correct effect of skull and brain on the
total resistance. Another possible cause for the low measured
value in Table 2 is that COMSOL did not include magnetic
coupling between saline and wires in the scalp to saline and
wires in the brain. This causes an overestimation of
effective resistance of the brain region in COMSOL.

The results in Table 1 demonstrate that properly
dimensioned holes in an acrylic sheet can create a desired
skull resistivity. The skull resistivity selected for this model
is smaller than in the Rush model which had a 1:80:1 ratio of
scalp:skull:brain. Rush based the skull resistivity on in vitro
measurements. More recent in vivo measurements found
ratios of 1:15:1 [11] to 1:42:1 [12]. The model presented
here has a compromise value of 1:28:1.

V. CONCLUSION

A planar saline bath phantom of the Rush three-sphere
head model was created using the HEALPix projection. Key
technical goals of the Rush model, including the ability of
current to flow in all directions around the head and pass
through the high resistance skull into the brain, were met.
Given the importance of stray reactive impedance effects
associated with the wire connections and the difference in
the frequency dependent impedance of saline and tissue[8§],
care should be taken using this model at frequencies above
100 kHz.

The techniques developed here can be applied to building
a more sophisticated planar phantom of realistic head
geometry or of other approximately spherical organs, such as
the heart or eye. The phantom will be used to measure the
efficiency and heat absorption of an experimental technique
of transferring power transcutaneously to an implanted
electronic device. The phantom may also be used to verify
the many applications that have been modeled with the Rush
three-sphere head model. These applications include EEG
source locating, telemetry to or from an implanted device,
and surface or deep neural stimulation.
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