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Abstract

Presented is the phantom mimicking the electromagnetic properties of the hu-
man head. The fabrication is based on the additive manufacturing (3d-printing)
technology combined with the electrically conductive gel. The novel key features
of the phantom are the controllable anisotropic electrical conductivity of the skull
and the densely packed actively multiplexed monopolar current sources permitting
interpolation of the measured gain function to any dipolar current source position
and orientation within the head. The phantom was tested in realistic environment
successfully simulating the possible signals from neural activations situated at any
depth within the brain as well as EMI and motion artifacts. The proposed design
can be readily repeated in any lab having an access to a standard 100 micron preci-
sion 3d-printer. The meshes of the phantom are available from the corresponding
author.

1 Introduction

Electroencephalography (EEG) is the recording of electrical activity along the scalp,
measuring voltage fluctuations resulting from current flows within the neurons of the
brain. Being a relatively low cost noninvasive method, EEG has an important role in
diagnosis and monitoring of a long list of neurological conditions (with epilepsy being
a bold example), and is a valuable tool for brain research [15]. EEG is known to be pro-
duced mostly by the synchronous electrical activity of pyramidal neurons. Since these
neurons are perpendicular to the human cerebral cortex, EEG is usually modeled as an
electrical potential generated by current dipoles perpendicular to the cortex [[16]. Re-
construction of neural activity timecourse from EEG is equivalent to the reconstruction
of the amplitudes of the current dipoles each representing an activation of a small corti-
cal area. This procedure is called the inverse problem of EEG [8|]. While testing a new
hardware or an algorithm for the inverse EEG problem solution, it is required to test it
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in as much realistic environment as possible with known ground truth of sources loca-
tion and their temporal activity. Studies of this type can be performed using computer
simulation (digital phantoms) modeling the propagation of the signal originating within
the brain to the electrodes [[10]. However, these studies are hardly suited to simulate the
motion artifact for the realistic EEG caps (the signals distortion due to the electrodes
movement relative to the scalp), electromagnetic interference (EMI) noise generated
by the power lines and high power electronic devices [[17]]. The digital phantoms also
cannot be utilized to test new measurement systems. The EEG human studies lack the
knowledge of ground truth for the electrical sources location. These limitations of the
digital phantoms and human studies provides motivation to the creation of a phantom
mimicking the electromagnetic properties of the head and its neural activity.

The electromagnetic properties of the head can be modeled as a volume conductor
which consists regions of homogeneous conductivity. Widely accepted is the 3-layer
model with the inner layer representing the brain, the middle-the skull, and the outer-
the scalp [[16]. The brain and the scalp have similar electrical conductivity values while
skull is much less conductive. Moreover, the skull’s conductivity is anisotropic with the
tangential conductivity being about 10 times higher than the radial one. The anisotropy
of the human skull influences the signal propagation within the head. Therefore, it
influences the accuracy of the inverse problem solution and should be taken into ac-
count [25]]. With a desired spatial recovery resolution of 1-2cm on the cerebral cortex,
the number of possible current sources positions amounts to about 10,000 [16]. An
ideal phantom should mimic all these properties and enable activating each one of the
possible sources. In addition, the phantom should be reproducible to permit repeating
results of any phantom studies in different labs.

A number of phantoms were fabricated. These include the spherical tank filled with
saline, gel phantoms, human skulls based and 3d-printed phantoms. The spheres filled
with the saline are easy to fabricate but are oversimplified [5]]. The human skull based
phantoms filled with electrically conductive gel are anatomically correct [[12]]. How-
ever, the skulls are not readily accessible and the results are not fully reproducible as
different skulls correspond to different electrical models. The mold making and casting
fabrication process was employed to create a phantom with realistic head geometry [4].
The reproducible realistic geometry and varying resistivity head phantom for electri-
cal impedance tomography (EIT) studies was manufactured utilizing 3d-printing tech-
nique [|14]]. There was reported a quasi-anisotropic phantom based on isotropic electri-
cal conductivity layers simulating the anisotropic media [21[]. However, no anisotropic
phantoms with realistic head geometry are known to the authors except for those based
on a real skull. In this phantom type the maximal reported number of 32 current dipoles
sources are positioned [[12]. No phantoms exist with as many possible sources as the
plurality of their meaningful positions.

Presented here is the reproducible 3d-printed realistic head geometry anisotropic
phantom which fills the outlined gaps of the existing phantoms. The electrical anisotropy
of the skull is achieved by 3d-printing anisotropic texture and filling this texture with
the conductive gel. Both the rate of the anisotropy and the conductivity of the skull can
be controlled by the parameters of the texture. The plurality of sources aspect of the
phantom is achieved by positioning a grid of the quasi-monopolar sources and interpo-
lating/extrapolating the full gain matrix of dipolar current sources in any meaningful



position from a gain matrix of a grid of the monopoles. This interpolation turns to be
accurate due to the smoothness of the electrical fields generated by current monopoles
and the symmetry of the structure.

The rest of the article is organized as follows: in Section [2] the theory of the EEG
forward problem theory is outlined as the basis for the phantom design, in Section [3]
the phantom structure and fabrication steps are detailed, in Section [4] the experiment
array is explained and the measurements including the gain matrix and EMI measure-
ments are presented, in Section E] we conclude with implication of our results for the
neuroscience community and suggest possible future developments.

2 Theory

Presented here are basics of the EEG forward modeling as this model is at the heart of
the phantom design. The changes of neural activity are slow compared to the propa-
gation effects within the biological tissues leading to the quasi-static conditions for the
forward EEG problem [[18]]. The governing equation here is the Poisson equation

V. (cVV)=—-V.Jr (1)

where Viis the electric potential, o (r) € R3X3 is the spatially varying electrical con-
ductivity tensor [10] and JP? is the primary current sources density. The boundary
conditions for interfaces with different conductivities are the continuity of the potential
V and of the current o VV normal to the interface [10]].

The spatial delta current density is called the monopolar current source. Accordingly,
the solution of Eq. (I) to such a source is the kernel of the Poisson’s operator. In
the homogeneous isotropic media (where o is a position independent scalar), for a
monopolar current source with amplitude I - ¢ (r — r() the resulting potential is given
by the following formula:
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Being the simplest possible source, the naive realization of the monopolar current
source is impossible in a system where the electrical charge is conserved. In biolog-
ical systems the charge conservation usually holds, due to the electrical conductivity
of the biological tissue any local accumulation of the electrical charge would result in
the compensating electrical currents. The possible realization for the monopolar cur-
rent source can be achieved by using two equal amplitude and opposite polarity current
sources while one of the sources is placed far enough relative to the distance to the
observation point (these will be called source and sink of the quasi-monopolar current
sources in what follows).
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If the distance between the source and the sink of such a pair is small relative to the dis-
tance to the observation point such configuration is called current dipole. The electrical
potential it produces is given by the following expression
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The quantity d = I - (rg — r1)is defined as the current dipole vector and c is the
position of the current dipole. While the electrical potential produced by the current
monopole is spherically symmetric, the dipolar source produces potential with a cylin-
drical symmetry relative to the dipole’s axis.

The head consists of biological tissues such as grey and white matter, skull and scalp
each having different electrical conductivity. The electrical model consisting of three
concentric layers of homogeneous conductivity representing the brain, skull and scalp
is widely accepted [[10]. A number of studies exist which state some different values for
the conductivities of the tissues [7] [9] [11]. The approximate conductivities ranges for
the brain, skull and scalp are 0.2-0.9S/m , 0.006-0.015S/m, 0.12-0.6S/m respectively.
The ratio between the conductivity of the brain to the conductivity of the skull has
major influence on the propagation of the electrical signal from the brain to the scalp. It
was estimated from 15 to 80 in different studies [[7]] [[9] [[11]]. The skull itself consists of
a spongiform layer between two hard layers (Figure [Ib). Due to higher concentration
of ions and water in the spongiform layer it is more electrically conductive than the
hard layers. The overall effect of this arrangement is the anisotropic conductivity of
the human skull: the tangential conductivity is about 10 times higher than the radial
one [20].

The sources of electrical activity are usually modeled as the dipolar current sources per-
pendicular to the human cerebral cortex. In the human head the quasi-monopolar and
dipolar current sources would not induce the same potentials as in the homogeneous
media due to the different electrical conductivities of the biological tissues comprising
the head. However, the electrical potential of such sources would have some similar-
ity with that induced by the sources in the homogeneous media: the quasi-monopolar
current source results in the more isotropic (spherical symmetry) electrical potential
distribution while the potential distribution due to dipolar current source has a pre-
ferred direction (the dipole direction). The monopolar source in a certain position is
determined by a single degree of freedom (its’ amplitude) while the dipolar one is de-
termined by two degrees: the amplitude and the direction. This fact will be utilized
later in the discussion of the interpolation of the gain matrices produced by the dipolar
and monopolar current sources.

While the human brain consists about 10! neurons, meaningful to the EEG studies are
approximately 10,000 dipolar sources, each perpendicular to the cortex’ convoluted
surface [[16]. When activated, these dipoles produce electrical potential on the scalp
electrodes (EEG). Due to the linearity of the Poisson’s equation, the principle of super-
position is applied to express the vector of the measured voltages V' on the scalp as a



product of the gain matrix G applied to the vector D of the amplitudes of the dipoles:

V=GD 4)

2.1 The implication of the theory to the phantom design

Mimicking the electromagnetic properties of the head

The method for the implementation of the head’s electrical conductivity distribution
was inspired by [[12] and [2] where the internal volume of a human skull was filled
with the conductive gel poured through the pores of the skull and formed by an exter-
nal container similar to the form of a head mimicking the brain-skull-scalp model. As
opposed to a human skull, in this study the skull was 3D-printed (see the fabrication
details in the fourth section). The anisotropy of the skull was achieved by printing
the layer containing the texture having high percentage of the free volume (the diploe
layer”) sandwiched between the layers containing narrow radial tunnels (the ’hard lay-
ers”) and filling these layers with the conductive gel.

The data on electrical conductivity distribution of the skull tissues varies between dif-
ferent studies [[7] [9] [11]. While there are studies providing statistical data regarding
the geometry of the skull for different ages, races and sexes [[1], the authors are unaware
of such studies for the electrical conductivity distribution within the skull. Therefore,
by printing and testing a phantom with a certain set of electrical parameters the design
possesses some universality: the texture parameters can be controlled to implement a
range of spatially varying radial and tangential conductivity.

The basic element of the texture is shown on Figure[I] An approximate estimation of
the tangential and radial conductivity of this structure can be deduced using the formula
for the resistance of the constant cross-section conductor [24]]:

1l

R_EA

(6)

Where R is the resistance, o is the conductivity of the media, [ and A are the length
and the cross-section area of the conductor. If only part « A of the cross-section area
is conducting with the conductivity ¢ while the other part is isolator the resistance will
be given by

11 11 7
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This trivial relationship is showing that in this case the resistance is equal to the
resistance of the conductor having cross-section A and the effective conductivity ao.
This derivation does not take into account the fringing effect of the electrical fields [24]]
(the current exiting the radial holes is not flowing straight to the opposite radial hole
but also in a surrounding volume as in Figure|1|). We found that the assumption that
the fringing fields are evenly distributed in all the the conductive volume leads to the
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Figure 1: (a) Left: Basic Texture Cell made out of 5 layers: i) 1.5mm layer with a
triangular hole. ii) 2.625mm of support pillars. iii) 0.75mm thick layer with a triangular
hole. iv) 2.625mm of support pillars. v) 1.5mm layer with a triangular hole. Right:
Anisotropic Cube Model. The cubes dimensions is (50,50,45)mm in the corresponding
axis. (b) Ilustration of general skull structure (c) Sample of the skull with the chosen
texture.
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Figure 2: (a) The anisotropic ratio of the 3D printed texture sample is plotted as a
function of the radial hole relative area and the tangential hole relative area on the
left and right figures respectively. The anisotropic ratio was measured using several
frequencies.

theory approximating the real measurements much better than the assumption of the
straight field lines.

To estimate the anisotropic ratio based on this theory we assume a solid cube made
from an isolating material representing a small part of the skull. The length and the
width of the cube are denoted by [ while the area of each side by A. The part of the
“radial” side area occupied by the holes which are filled then by the conductive gel
with conductivity o is denoted by Ac«,..q and the length part of the “tangential” side
occupied by the gap with the supporting pillars which is also filled by the conductive
gel is denoted by lavgy, -

Based on this assumption the resistance of the cube in the vertical direction is cal-
culated as two resistors in series:

1 l(]. — atan) 1 lOétan
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Where the first argument represents the resistance of the layer with the hole, and the
second argument represents the hollow horizontal layer. The resistance of the cube in
the horizontal direction is given by:

1 1
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The anisotropic ratio is given by:
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The anisotropic properties of the designed textures was measured and compared to the
theoretical formula as can be seen in Figure 2}



Thus by neglecting the influence of the supporting pillars for the tangential con-
ductivity the ratio between the tangential to radial conductivity (the anisotropy) is de-
termined and can be controlled by the size of the radial hole and the thickness of the
“diploe” layer. The non-diagonal components of the resulting conductivity tensor are
zero since from the construction of the texture element both radial current will not
induce tangential potential difference nor the tangential current will induce the radial
potential differences as well. The overall effect is that instead of changing the concen-
tration of chemical components for a number of skull pieces controlling the spatially
varying electrical conductivity distribution as it was implemented in [[14]] the param-
eters of the texture can be controlled for each triangle of the mesh using a computer
program. Using this method the gradual tangential and radial conductivity variability
can be achieved for different parts of the skull. For the alternating current the capacitive
coupling between different conductive parts of the texture filled with the conductive gel
(which is similar to the alternating current flowing between the conductive plates of a
capacitor separated by the insulating dielectric material) will also influence the con-
ductivity tensor distribution making the simplified formula only approximately correct
from one side and introducing another anisotropy controlling parameter of frequency
from another (see the Measurements section).

A global tuning parameter of the conductivity distribution within the skull can be the
skull width.
We first write the Poisson’s equation in Cartesian coordinates
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We assume the skull width (z-coordinate) was stretched « times. The resulting poten-
tial have to obey Poisson’s equation
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Accordingly the resulting potential distribution is as if in the original coordinates the
anisotropy would be a? times higher. The “input voltage” on the interface brain-skull
would remain approximately the same after changing the skull width since the voltage
on this interface is influenced much less than the voltage on the scalp from the decrease
of the conductivity of the skull [[16]. This property allows us to artificially increase the
anisotropy of the skull. Taking typical value of skull thickness 7mm by printing the
9mm skull thickness we both increased the anisotropy value by about 60% and made
the structure mechanically more robust. While having a significant influence on the
signal propagation through the skull, the change of the skull width by 2mm leaving
the scalp width the same and changing its radius by about 2% will have insignificant
influence on the signal propagation through the scalp.



The plurality of sources

The wiring of the 10,000 densely packed firmly oriented perpendicular to the cortical
surface dipoles within a phantom is technologically challenging. Therefore in all the
existing EEG phantoms the small (up to 32 in [12]) representative subset of the dipolar
sources was taken.

We choose here another strategy. As the electrical potentials produced by the dipo-
lar sources are smooth and smoothly dependent on the source position we proposed
to interpolate the full gain matrix from a gain matrix of a relatively small number of
sources. As the sources of neural activity are dipolar it is natural to interpolate the full
gain matrix from the gain matrix of the dipolar current sources. As was explained in the
previous section, the dipolar current source in a given position is determined not only
by its amplitude but also by its orientation. Since the cerebral cortex geometry is highly
convoluted, the dipoles perpendicular to it representing the neural activity are changing
their orientations significantly on a small spatial scale. Due to the linearity of the for-
ward model, it is possible to interpolate the gain matrix for all the dipole orientations
and positions by placing for instance a certain amount of triplets of dipolar sources of
linearly independent orientations. Using the gain matrix for these dipoles the inter-
polant can be deduced for both position and orientation variables of dipolar sources on
the cortex. However this way of the gain matrix interpolation is suboptimal. A more el-
egant and efficient way would be to interpolate the gain matrix using quasi-monopolar
sources. As the monopolar source is fully determined by its position and amplitude
only a single quasi-monopolar source for each position is required. Placed far enough
from the electrodes the sink should be common to all the quasi-monopolar sources.
Having the interpolant for the monopolar sources gain matrix the dipolar sources gain
matrix can be deduced by interpolating both the gain matrices for the quasi-monopolar
sources residing on the cortex and the monopolar sources shifted normally to the cor-
tex by a fixed distance d, (for instance 0.1mm) being much smaller than the distance
between the sources to the observation points. Since the dipolar source can be repre-
sented as the difference of 2 close quasi-monopolar sources having the same sink, the
difference of these gain matrices divided by the displacement dj results in the dipolar
sources gain matrix. Therefore, using the quasi-monopolar sources based gain matrix
the number of sources is reduced trifold compared to the dipolar and each source can
be a wire and not a pair of closely placed wires with predefined orientation.

In Figure[3|presented is the example of the interpolation error of simulated 64 monopo-
lar sources based gain matrix using natural interpolation/extrapolation to the dipolar
cortical sources positions and orientations [19] [13]]. The head model we used was
an averaged MNI model [[6] provided by Brainstorm toolbox [23|]. The conductivi-
ties of the brain, skull and scalp were taken 0.6S/m, 0.02S/m and 0.6S/m respectively.
The common sink of all the quasi-monopolar sources was placed 1cm above the lowest
point within the brain region. The electrical potential was measured at 65 vertices of the
head mesh corresponding to the standard 10-20 EEG electrodes placement [23]]. Since
the anisotropy leads to more smooth potentials smearing the electric potential on the
skull relative to the isotropic conductivity [25] the simulated interpolation error is an
upper bound for the anisotropic case. The gain matrices for both the quasi-monopolar
and dipolar sources were calculated using boundary element method (BEM) [22]]. For
each cortical source k the root mean square (RMS) interpolation error for the gain
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Figure 3: Error visualization. The RMS error for each cortical dipolar source gain
vector. (a) Interpolated by the simulated quasi-monopolar sources gain vectors. (b)
Interpolated by the true measurements of the quasi-monopolar sources gain vectors
using Natural Neighbors Interpolation.

matrix is defined by the following expression

N, = \2
AGy, = 2t (Gik — Gir) (14)
i (Gan)?

where NV, is the number of electrodes, G;xis of the gain matrix value for the dipolar
source number k on electrode i and G is the corresponding element of the interpolated
gain matrix.

As expected the interpolation error was smallest for the cortical sources surrounded by
the quasi-monopolar ones. The potential for the cortical sources not surrounded by the
quasi-monopolar sources was extrapolated and as a consequence was less precise. For
the majority of the cortical sources the RMS error was lower than 10%.

3 The phantom structure and fabrication steps

The head phantom was developed according to the following steps: the proper conduc-
tivity of the Agar-agar was achieved by dissolving certain amount of salt within the gel.
Anisotropic texture was developed and its conductivity tensor was characterized on a
simplified cubical models. The mechanical design of the phantom was elaborated. Cur-
rent sources were positioned inside the phantom. The fabrication process integrating
all the design parts was established.

3.1 Materials

Agar-agar was chosen as the conductive material in the phantom. Agar-agar solidifies
in room temperature and is stable over time. This property allows the use of the same
phantom head for about a month. Salt was used to control the agar’s conductivity. For
our phantom it was set to 0.67.5/m.

For our physical model and cast we used polylactide(PLA). All head parts were
printed using a MakerBot-Replicator2 3d printer.

10



Figure 4: 3D Printed Phantom Parts: (a) Bottom part of the phantom head, with a
hole for the sources. (b) Upper head layer, serves as a casting mold. (c) Adapter
designed to connect the skull and the head. (d) Smoothed skull. (e) The phantom head
model without the right side of the head mold. (f) The 3D-printed model. (g) Base for
monopoles poles. (h) Monopole poles. (i) Base with monopole poles. (j) The D-printed
monopole structure.

Brain & Scalp | Skull Radial | Skull Tangential
Conductivity [%] 0.667 0.0284 0.207

Table 1: Measured Conductivity Values at 100Hz

3.2 Geometry

The MNI head model provided by Brainstorm toolbox was used as the basis for the
head phantom [23]]. Triangulated meshes of the inner skull surface and the head were
the basis for the phantom geometry. The head triangulated surface was thickened to
create a full 3D printable structure of the head, as shown in Figure 4]

3.2.1 Anisotropic Skull Design

Texture samples were synthesized via Matlab. A texture that answers our anisotropic
requirements was chosen and imposed upon the skull mesh. Following the triangulated
skull mesh, the texture building block was designed as thickened triangle with holes
and tunnels as depicted in Figure[T] In order to test its properties, An anisotropic cube
model was created by concatenating the basic building blocks in all directions, soaking
it in agar solution and testing its conductivity in all three axis. The conductivity values
of the agar solution and the skull were measured and can be seen in table[I] The ratio
between the vertical conductivity and horizontal conductivity of the cube was 1:7.3 at
100Hz.

In order to impose the texture upon the skull mesh, the following procedure was
applied: i) Refining the outer skull mesh ii) Projecting each vertex from the inner mesh
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to the outer mesh (finding the closest vertex on the outer mesh) to construct an outer
mesh with corresponding vertices. Each face in the outer mesh match a face in the
inner mesh. ii) Barycentric coordinates were used to map every vertex in the basic
texture cell to the space between matching triangles. The resulting texture can be seen
in Figure[T]

3.2.2 Sources Structure

In our design monopolar sources are used. 109 sources are positioned inside the skull.
Ground was set at a location as remote as possible from the monopolar sources. 77
sources are densely spread in the right hemisphere and 32 are sparsely spread in the left
hemisphere. The density of the sources enables the evaluation of the interpolation error
as seen in the next section. A base for support with a Cartesian grid of sockets in which
poles can be plugged was designed with a 16.5mm between adjacent sockets in each
axis. Each pole is 4mm in diameter and has a series of uniformly spread niches (niche
every 15mm). The base and the poles combined enables a 3 dimensional Cartesian grid
that can be filled with up to 300 sources. The 3D-printed structure with some sources
can be viewed in Figure[d A calculation showed that the volume the poles occupy in
respect to the entire volume of the head is about 1.5%.

3.3 Fabrication Process

In order to combine all of the parts into a complete phantom head model the following
steps were taken:

Mold - The right and left parts of the head need to be taped together and securely
placed upside down. It is recommended to coat the surface with a simple plastic
sheet to shield it from the heat of the liquid solution.

Skull - Superglue was used to attach the skull to the adapter and the adapter to the
bottom part of the head. Once the glue solidified, it was placed upside down into
the mold.

Sources Structure - Each source is a stripped wire wrapped around a pole. The ex-
posed leftover of the wire is covered with a shrink. Insert the poles into the base.
A sample structure can be seen in Figure ]

Agar - The agar solution is prepared with 32g of agar and 4g of salt per liter of water.
3 liters are enough to fill the phantom. Stir for 20 minutes. Boil it and stir from
time to time. Let it cool down to a temperature less than 50 Celsius.

Casting - T he agar solution is added slowly until the mold is completely filled. The
sources structure is carefully inserted upside down into the hole at the bottom of
the skull. At the end, put the whole construction in the fridge until it cools down
and solidifies.
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4 Experiments

This section focuses on four aspects: The measurement system. The capability of the
head phantom to produce desired potential measurements (Calibration). The use of
monopolar current sources instead of dipolar ones. The interpolation error of the gain
matrix.

4.1 Measurement system

An experimental setup was designed to enable activation of current sources and mea-
surement of scalp potential on the electrodes. A schematic diagram of the setup is

shown in Figure 3]
EEG
Sensors
B Phantom
Head

59 Channels

Switch
1-109

B

DAQ/Signal
[ PC }{ Generator

Figure 5: (Left) A schematic diagram of the experiment array. (Right) Experiment
array, from right to left: Agilent DAQ Device, Switch, Phantom Head, Analog inputs
and Output.

109 Sources

We utilized Agilent U2331A module which integrates a 2-channel signal generator
and the 64-channel scope. A mechanical switch multiplex the signal to any current
source inside the phantom head. The head phantom wears a 64 electrodes EEG cap
produced by EasyCap. Out of the cap’s 64 electrodes, 4 are too low to have direct
contact with the conductive part of the phantom and 1 is the cheek electrode. The cap
is connected to high impedance floating inputs of the measurement device. The DAQ
is connected to PC and is operated through Matlab Data Aquisition toolbox. One of the
remotely positioned sources is connected to an analog ground of the DAQ and serves
as a current sink for all the quasi-monopolar sources within. The entire construct can
be seen in Figure[3]

The measurement device, U2331A has a configurable input range and a 12 bit reso-
Iution. Due to the linearity of the problem, relatively high current amplitudes were used
(0.01-0.05A) to measure the gain matrix with high SNR. The finest voltage resolution
that can be captured with the device is 25uV .

4.2 Calibration

For each source, a 100Hz, 5V peak to peak signal was used to activate it. Due to the
linearity of the system relative to the input current value of the sources, the amplitude
was taken arbitrarily large. The amplitude was limited by the maximal output current
of the signal generator. EMI artifacts from the power line which were visible when
using low amplitudes(Figure [6)) were negligible at this amplitude.

For each source activation the amplitude at the output of each electrode was calcu-
lated using a Welch amplitude estimator. The current that was delivered by the device
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Figure 6: Top row: Sample EEG data waveform and its 2D visualization. Produced
by activating a source with a 100Hz sine wave. Bottom row, left: Sample EEG data
with visible 50Hz EMI noise. Produced by activating a source using a 100Hz sine
wave with a 0.3V amplitude. The phantom head was placed near an electrical device.
Bottom row, right: Sample EEG data with visible headset movement.

during each of the activations was measured as well. The phases of the signals were
calculated in respect to the current. Each measurement was 20 seconds long. A record-
ing sample is shown in Figure

From the measurements a 59 by 109 gain matrix was obtained.

Regarding the following derivations, we should only mention that we validated the
linearity of our system relative to currents for a single frequency of 100Hz.

4.3 Monopoles Justification

Let us denote a dipole activation d; ;, as applying 1 unit of current from monopole
i to monopole j. In order to retrieve the EEG response to a dipole activation d;_;,
one can subtract the column g; of the gain matrix G' from the column g;. In order
to verify this quality, 6 couples of monopoles were activated to simulate 6 different
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| Error | Natural

RMSE | 0.0378
MVRE | 0.0171

Table 2: Interpolation errors averaged across all monopoles.

dipole activations. The resulting potential per unit of current was compared to the
expected potential retrieved by subtracting columns of G. The relative errors between
the resulting potential maps were consistently less than 2%.

4.4 Interpolation

For each monopole, two interpolation methods were used to estimate its effect from its
neighboring monopoles; Linear interpolation and natural neighbor interpolation [19].
Two error types were used to evaluate the interpolation performance. Let g; be the true
gain column of monopole ¢ in the normalized gain matrix G and ¢; be the interpolated
gain vector. The first error type is Relative Mean Square Error (RMSE) which is defined
as follows: .
RMSE() = 19— dil (15)
llg:ll
The second error type is Maximal Value Relative Error(MVRE) which is defined
as follows:

v RE() = BV G 5 g ma((gi () 16)
|9: (4] k
The average interpolation errors can be seen in table[2} Visualization of the monopoles
errors in respect to its position can be seen in Figure[3]

5 Discussion

We successfully designed and fabricated the reproducible phantom for EEG with con-
trollable anisotropy of the skull and the plurality of quasi-monopolar current sources
which with reasonable precision can interpolate thousands of meaningful cortical dipo-
lar current sources. While the phantom was designed for EEG it can be adapted to
MEQG and EIT studies as well. The phantom design possesses universality in control-
ling the spatial conductivity and anisotropy distribution by texture parameters. While
the deduced formula is valid only approximately due to fringing fields, capacitive cou-
pling between conductive regions and the distortion in the current flow introduced by
the supporting pillars, it was shown that a calibration step employing the conductivity
test on textured cubes filled with conductive gel can be applied to achieve the required
conductivity and anisotropy spatial distribution. The change of the anisotropy and the
conductivity with frequency can be seen as a sensitivity test of the gain matrix to the
change in anisotropy and conductivity distribution. The phantom is designed to mul-
tiplex one current source at a time. While simplifying and reducing the cost of the
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phantom this possess some limitation on the possibility to activate a number of sources
simultaneously. However, in fact this restriction is apparent only: due to the linearity
of the problem once the gain matrix (including its frequency response) is measured the
signals on electrodes can be calculated for any number of activated sources. Also due
to the linearity the influences of EMI, motion artifact [3] or hardware inidealities can
be studied with a single source activated and deducing their influence to any number
of activated sources. In the presented phantom the skin and the brain volume have the
same conductivity. Within the developed methodology the skin volume can be also tex-
turized to reduce its effective conductivity relative to the brain. The brain conductivity
is also anisotropic [[10]]: its volume can be texturized recreating the anisotropic con-
ductivity there making the phantom useful for MREIT and DTI studies as well. These
issues we leave for future research.

6 Conclusion

The hardware design for electrophysiological measurement is impossible without being
tested properly and reproducibly. EMI and motion artifact can influence the measure-
ments and as a result the quality of the source reconstruction algorithms. Especially
susceptible to such artifacts are the so-called dry electrodes which gained recently
tremendous popularity for both medical equipment and wearable devices. Here we
utilized the flexible and reproducible 3d-printing technique which is penetrating many
biological applications to head phantom fabrication. The controllable anisotropy of
the skull as well as the plurality of the sources interpolated from current monopoles
make this design realistic and easily fabricated. The lifetime of the phantom is about a
month - sufficient to support most experimental protocols. The meshes of the phantom
are available from the corresponding author. Future research can be focused on the
recreation of the electrical conductivity tensor distribution within different organs and
on adaptation of the phantom to different imaging modalities such as EIT, MREIT and
DTIL
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