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Abstract. One of the technique that ha ve the greatest chance for being both high impact
and disruptive is electroencephalography (EEG) because of the low cost of the device,
installation, operation and ease of use. EEG is universally used in neuroscience research.
Despite its great success and demonstrated potential for brain imaging, significant
limitations exist with EEG, most important of which is the accuracy of the localization
of the brain sources from the recorded EEG due to the ill-posed nature of the
localization procedures which lead multiple solutions. This is solved by fMRI, or blood
oxygen level dependent, is a well-established method for cognitive and clinical
neuroscience as hemodynamic data are the epiphenomena of underlying neuronal
activity. Brain mapping is one of the major endeavors that has been recently undertaken
in neuroscience using fMRI to noninvasively localize the various brain functions.
However, fMRI still has time resolution limitations and subjects can only be studied in
the confines of an MRI scanner.

Direct Electromagnetic Source Tomographic Imaging Neurotechnology
(DESTIN), may allow us to study subjects outside a scanner room and with ms second
resolution needed to study neuronal activity. DESTIN is uniquely based on an entirely
new physical principle which does not rely on EEG signals alone for electrical source
localization rather time of flight localization as it is similarly done in PET. Time-of-
flight measurements are used for distance measurements where a source sends out a
short energy pulse (electromagnetic, optical, sound, etc.) and detector measures the time
until the reflected pulse is sensed. In most cases the temporal accuracy must be very
high for instance 1 ns resolution for a spatial accuracy of 15 cm in the case of a light
pulse travelling in air. By circumnavigating the inverse problem with the new concept
of time of flight instead, this method will enable researchers to study functional activity
with millimeter spatial resolution and unprecedented high temporal resolution. The
theory predicts that a 10 Hz brain alpha wave travels in white matter at a speed of
44,721 m/s, or almost 7,000% slower than the speed of light. Thus, DESTIN will have
to be sensitive enough to detect down to a 1mm spatial resolution or phase delays of
1p=22.4ns. However, Finite Element Method simulations on a human model illustrate
the added complication of space-variant phase distribution, which is dependent on the
position of the source. Finally, a MATLAB-based localization illustrates how the
source tomography can be implemented. In conclusion, this novel method may become
the next generation brain imaging technology, providing a direct measure of neuronal
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activity with the exquisite millisecond resolution of EEG and millimeter spatial
resolution in brain space at low cost and high degree of portability for real world
measurements.

Keywords: inverse solution, EEG, Bioelectromagnetism, tomography, time of flight.

1. Introduction.

The demand for non-invasive human brain imaging has grown rapidly
over the past decade as researchers and clinicians seek to advance understanding of the
human brain. One of the techniques that has the greatest chance for being both high
impact and disruptive is electroencephalography (EEG) as measured by Direct
Electromagnetic Source Tomographic Imaging Neurotechnology (DESTIN). The
proposed novel EEG is potentially a typical disruptive technology as it would be very
economical and would have exquisite brain source spatial resolution. Similarly to state-
of-the-art EEG, DESTIN could become universally present as a non-invasive human
brain imaging in any neuroscience center worldwide.

Despite its great success and demonstrated potential for brain imaging,
significant limitations exist with EEG, most important of which is the accuracy of the
localization of the brain sources from the recorded EEG. This localization is
accomplished by using various numerical processing techniques that estimate the set of
current sources, which are best approximated by current-dipoles in the brain that best
fit the EEG data. The accuracy of the localization processing is affected by a number
of factors including: anatomical and electrical (i.e., conductivity) head-modeling errors,
source-modeling errors, and noise in the EEG due to the recording instrument or
physiology [1-10]. According to Baillet et. al. [11] temporal/spatial accuracy should be
at least better than Smm/5Sms. However, in practice this goal is rarely achieved since
the mathematical procedure underlying the source localization is ill-posed and the
localization problem accepts multiple solutions, which are different sets of sources
located in the brain that equivalently predict the EEG measurements. Researchers can
only attempt to mitigate the effect of the ill-posedness with numerical strategies and are
often required to justify their source localization results with a-priori knowledge about
the location of the sources, which may defeat the purpose of source localization.

2. Theory.

The problem of locating large (e.g., patches of cortex of 10 mm? or more) networks
of firing neurons inside the brain is similar to the problem of locating low frequency
EM sources underwater or in a conductive medium. Low frequency EM methods have
been developed as underwater navigation systems due to the fact that standard Global
Positioning System (GPS) satellite signals cannot be received at depth. These
underwater GPS systems have been employed in scuba diving navigation for such
purposes as to seek and destroy unexploded ordinance, underwater crime scene
investigation and security inspections, underwater site mapping for fish farms, and
marine archeology including artifact mapping and geophysical explorations [12].
Although mostly based on sonar technology, the state-of-the-art underwater GPS
systems fuse electromagnetic and acoustic data for increased accuracy and signal-to-
noise ratio (SNR). EM-tomography or source localization is based on data recorded
from electrodes (i.e., underwater electric field sensors array) [13]. Assuming that a
plane wave is generated parallel to the surface of the water, the electromagnetic wave
in a dispersive medium is characterized by the following electric and magnetic field

80



amplitudes: E (t) = Eyje~@t~4/do andB(t) = Bye “t~%/d0_ where E, and B, are the
electric and magnetic wave field vector amplitude at the sea surface, ® is the angular
frequency of the wave(f = w/2m), i = v/—1, and d is the depth (do= 1m). The wave
propagates in vacuum at the speed of light v =c =1/ upe, = 3 -108m/s ,
where: uy = 4711077 Tm/A,eo = 1/(36m) 107° F/m . However, in a dispersive
medium such as seawater, the speed is slower and frequency dependent, namely:

v(w) = w/(2uyo) , where o> we, is the conductivity (e.g., seawater has
conductivity 0 = 4 §/m). As the wave propagates in water both its amplitude and
phase varies according to the propagation factor: y(w) = a(w) + iff(w), where

a(w) = B(w) =+ wuea/2 [14]. The power of the wave A(w,d) attenuates
logarithmically with depth: A(w, d) = a(w)log,,(d) and at a typical EM-tomography
frequency of 25 kHz the power loss is 5.46dB and a phase shift of 0.2 r radians (or
36.0°) per meter of seawater depth. A very low frequency (VLF) receiver array data is
typically used to receive in each point of the array the amplitude and phase of the signal,
which are then used to estimate the source location via the least squares error method.
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Fig. 1: In the head, the EEG signal propagates from the cortical patch (Vcortex) to the
EEG electrode (Vees) at distance d with phase speed vy,=d/t, (in red) and a group
speed vg=d/tg (in green).
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Therefore, EM-tomography uses electric field sensor arrays to detect amplitude and
phase of electromagnetic waves to estimate the location of the source, knowing only
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Fig. 2: (Top) Temporal and spatial resolution comparison among different
imaging modalities, including: Diffuse Optical Tomography (DOT), EEG, Electrical
Impedance Tomography (EIT), functional MRI (fMRI), magnetoencephalography
(MEG), Positron Emission Tomography (PET), Single-Photon Emission Computed
Tomography (SPECT), Transcranial Doppler (TCD). (Bottom) Sagittal and coronal
views of the human head with sources (in red) of neurons firing in cortex and
electrodes placed on top of the skull. Depicting the concept of source mixing, in which
each electrode “sees” more than one source.

the dispersive properties of the source (i.e., no synchronicity to the source is necessary).
We now describe the propagation in a lossy medium in the case of EEG signals. If
we denote with o(w), 4(0) and k(w) the conductivity, permeability of tissue and the
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wavenumber, respectively, the group speed is [15]: v, = ( T
wW=wq

speed, or the rate at which the phase of the wave propagates in space, has been studied

for low frequency radar propagation in seawater and was estimated as [16]: v, =
®o_ - | 229 I the case of a 10Hz alpha brain-wave (o=20x rad/s, c=0.05S/m for

k(wo) Moo (wo)

white matter, u=u, = 4r10~'Tm/A), the phase speed is 44,721 m/s, which is very
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close also to the group speed (see below). Just to estimate a ball park delay, if we wish
to achieve a Imm resolution in locating the underlying source and if we assume that no
other tissue is present in the path other than white matter, then the propagation delay
(Fig. 1) is 1p=22.4ns. Note that both the phase and the group velocities of EM-waves
propagate in empty space at the speed of light (2.99 10® m/s), thus more than 6,000x
faster through vacuum space than biological tissue. Why is the speed of electromagnetic
waves so much slower in tissue? Such a large difference in propagation speed depends
on the different mechanism of polarization. At such low frequencies (0-100Hz), the
polarization in the tissue is called alpha dielectric dispersion [17], which has been
attributed to electronic bilayers in organic molecules, active membrane conductance
phenomena, ionic dispersions of micrometer-size particles, etc. [18].
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Fig. 3. High-Resolution Head model (Imm? isotropic) c.f. the next page
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(Top left) 3D views of the internal anatomical structures of the model that allow for
realistic anatomical representation [19] ; (Top-right) anatomical structures axial,
coronal, and sagittal planes are shown. The corresponding color code for each
modeled structure is to the right of the image. (Bottom) The same head model was
converted for our FEM simulations [20] (with tissues: 1. retina, 2. orbital fat,
3.sinus, 4. nose, 5. subcutaneous fat, 6. facial bones, 7. skull, 8. blood vessel, 9. grey
Matter, 10. CSF, 11. Ventricle, 12. white matter, 13. Brain parenchymal, 14.
Cerebellum, 15. Muscle, 16. Spinal cord, 17. Adipose fat, and 18. Skin).

For EM-waves propagation distances in the human head (i.e., d<20cm), we can
assume that the phase and group velocities are approximately the same. The phase of
the EM-wave will build up over space according to the phase/group velocities or
mathematically: E(z,t) = Eje %270t | where k = oo —ip is the complex wave
number that depends on &, [15]. Finally, the relatively low conductivity produces an
attenuation of the source signal at the EEG electrode site due to the lossy properties of
the dispersive media of the human head.

Studying the wave propagation at low frequency in one dimension, like in the case
of seawater, is definitely an oversimplification as the EEG EM-tomography problem is
truly three-dimensional. The distribution of the electric field of both amplitude and
phase over the scalp surface where the EEG electrodes are located is dependent on
dipole: position, orientation and strength. Given the complexity of this problem, it is
possible to estimate the wave propagation using only numerical simulation approaches.
The idea presented in this paper is rather revolutionary in the EEG field since EEG
forward modeling is commonly performed under the static approximation of Maxwell
Equations:

VxE=0
VxH=J

V-E:ﬁ )]
&

V-H=0

And the group delay is in this case:

. Az . dk(w . w
g = lim — =11mAz( (@) )=Az lim 2 =0 (2
w0 v wo—0 dw ly=w, wo—0 _2wg
g Hoo(wo)

However, according to Einstein’s special relativity it is not possible that EEG waves
travel faster than the speed of light, therefore we propose solving Maxwell equations
without any approximation and by solving instead the entire set of equations. This can
be achieved by using numerical EM-solvers, which was shown to estimate accurate
fields at arbitrary frequencies in Debye media [21]. Recently, a 3-D simulation of
dispersive half-space problem has been carried out to validate EM simulations using
Perfectly Matched Layers (PML) boundary conditions with low-frequency propagating
waves [22]. Furthermore, the Finite Element Method (FEM) was used to solve general
3-D problems involving ideal of inhomogeneous and dispersive materials showing that
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the accuracy of the FEM method is theoretically guaranteed [23]. The accuracy of
numerical EM-simulations of course depends also on the accuracy of the parameters
used for the different head model tissues. The set of electromagnetic parameters for
very many tissue types can be found in published literature [17, 24, 25] and even in
online databases [26]. However, these data are based on a mixture of measurements
that were performed on different types of animal species, often in vitro and at room
temperature. To make matters even worse, the conductivity of biological tissues is often
markedly anisotropic and conductivity may vary 6-7 times more when the current is
oriented parallel to the fibers in muscle tissue (one of the tissues in our model, Fig. 3)
[27]. Last, but not least is the electrode interface with the tissue which constitutes a
complex geometry to accurately model. For this reason and because conductivity and
permittivity values of different tissues may vary from subject to subject, the electrode
contact constitutes a burden for this technology, which will require further investigation.

The residual error in source localization studied with Monte Carlo simulations [28]
was shown to be inversely proportional to the number of EEG channels, even when
fMRI was used as a statistical prior in the localization algorithm (i.e., fMRI weighting).
In clinical studies of epileptic patients using cross-validation with intracranial recording
of epileptic spikes, Yamazaki and colleagues [29, 30] concluded that 256-channel
dEEG provides more precise detection and source localization for presurgical planning
than conventional sparse-array EEG. Similarly, we argue that dense array will improve
EM-Tomography. The phase delay of our signals suggest detecting time intervals as
small as tp=22.4ns: would a technology based on A/D converter sampling rate of 100
MS/s (89.4 MS/s) be sufficient to estimate time of flight' of the EEG and separate
sources? In order to answer this question we need to examine closely the speed of the
EM-waves in the actual human tissue using parametric analysis.

The Z-parameter of the dipole sources can be used to calculate the phase speed (from
now on called propagation speed) through the head-medium. In this case, the head can
be considered a transmission line with capacitance and inductance per unit length.
Using the Z-Parameter, the unit capacitance can be solved as:

1
JwCy,

1
T j-(2m10)(-1769.4)

=8.99-107°F 3)

Im(Zy,) = | .

Plugging this result in the standard characteristic impedance equation yields the unit
inductance per unit length:

Zo = /Z_i - L, =C,-Zy*=(899-107°) - (50)2 = 22.5-1073H (4)

Using the previous results, using transmission line theory the phase speed per unit
length can then be computed as [31]:

! Time-of-flight measurements are used for distance measurements: a source sends out a short
energy pulse (electromagnetic, optical, sound, etc.) and detector measures the time until the
reflected pulse is sensed. In most cases the temporal accuracy must be very high for instance
1 ns resolution is needed for a spatial accuracy of 15 cm in the case of a light pulse travelling
in air.
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The result is then scaled by the distance between the two sources to compute the
phase speed of the system:

2.22-103
S )

_ . 3m
. = (100103 22.2-10 S (6)

This value is reasonably lower than the single tissue value computed analytically on
white matter of 44,721 m/s, since electrical properties of other tissues are different from
white matter and low frequency scattering [32] occurs. It is important to actually
measure this speed, since the simulations predict a speed 15 times the speed of sound
in water (i.e., 1,500m/s), which makes many of the sonar techniques very relevant to
EEG source localization.

3. Methods.

3.1 Electromagnetic Simulations

Simulations were carried out using the FEM solver ANSYS HFSS 2014 (ANSYS,
Canonsburg, PA). An anatomically accurate human head model (Fig. 3) was derived
from MRI scans [19] containing 22 anatomical structures consisting of 14 unique tissue
types. Parameters of the electrical conductivity and dielectric permittivity were taken
from [33]. In order to estimate the electric field around two neural generators located
deep in the parietal lobe (Fig. 3, left) and below the electrode Cz, the head model was
augmented with two dipole antennas (i.e., Smm long X Smm diameter) placed tangential
to the skull and perpendicular to each other in the grey matter tissue of the brain at a
relative distance of 20mm from one another. In order to study the propagation speed
between the two antennas, each antenna was driven with a 1W power source with a
characteristic impedance of 50Q. The model was meshed and solved at a solution
frequency of 10Hz, the relevant EEG frequency of interest. The FEM boundary
conditions was either perfect matched layer (PML), absorbing boundary conditions
(ABC) on Debye media. The accuracy of numerical EM-simulations will of course
depend also on the accuracy of the parameters used for the different head model tissues.
The set of electromagnetic parameters for very many tissue types can be found in
published literature [17, 24-26]} and even in online databases [33].

Two dipoles were randomly selected in the gray matter and centered in
DI1(11mm,0mm,35mm) and D2(-9mm,0mm,30mm) inside the head model (Fig. 3).
These dipoles were excited with a power of 219pW to produce scalp potentials in the
range of tens of puV similar to EEG signals of healthy subjects. Potentials were
estimated in MATLAB on the skin of the model in the following points: Above Dipole
I (11lmm, Omm, 79.7mm), Above Dipole 2 (-9mm, Omm, 82.3mm), Above Mastoid

or reference point (-47.8mm,71.0mm, -53.5mm), Above Temporal (70mm, -
55.8, 15mm), Above Frontal (Omm, -83.8mm, Omm), Above Occipital (-70mm, -
64.0mm, Omm).
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3.2 Independent Component Analysis.

The EEG signal is often considered a very noisy signal - with power spectra
diminishing at the 1/f rate - and there are indeed a large number of noise sources that
may affect the scalp recordings including: environmental (e.g., 50/60Hz line noise,
interference from instrumentation or computers, etc.), physiological (e.g. muscle
artefact during speaking, head tilting during respiration, electrocardiogram, etc.).
However, although these artifacts maybe several times larger than EEG, efforts in
quality control and signal processing may lead to an EEG SNR recording of 20dB or
better since the EEG instrumentation noise (i.e., amplifier noise, impedance noise and
quantization) is usually very small [34]. The challenge in this method consists instead
in separating the contributions of the different sources in the brain sensed by each
electrode (Fig. 2, bottom). One of the most common approaches is blind source
separation [35] or independent component analysis (ICA). The ICA problem consists
in recovering linearly mixed sources without assuming any a priori knowledge of the
original EEG signals besides their statistical independence [36]. Improvements
included a two-stage separation process with: a priori selection of an over-complete
dictionary based on wavelet frames or learned signals in which the sources are assumed
to be sparsely representable, followed by blind decomposition of the sources by
exploiting their sparsity [37]. A different approach, the blind decomposition, is a
generalized eigenvalue decomposition that simultaneously diagonalizes the covariance
matrix of the observations and an additional symmetric matrix whose form depends on
the assumptions of non-Gaussian, non-stationary, or non-white independent sources
[38].

Since both amplitude A (as a standard EEG) and phase ¢ are collected, we can
consider our DESTIN signals as complex valued:x(w) = A(w)e’/?. In this section we
introduce a new concept, at least in field of EEG: complex-valued ICA and show
numerical examples. The problem consist in finding a linear transformation W, called
de-mixing matrix, such that applied to an multichannel signal x produces a
multichannel output y = W*x , where W* is the complex conjugate of W, such that
the signals in each channel are maximally statistically independent from each other.
When ICA is applied to standard EEG it is used in source localization given its ability
to separate brain sources from each other and from external noise (e.g., in EEG/fMRI).
In our case, x - xT 4+ x - x* = @ + il is the complex autocorrelation of the DESTIN
vector which are signals that are zero-mean (i.e., @) unit variances (i.e., I) and
uncorrelated real and imaginary parts of equal variances. Considering the following
cost function:

Cr = Xk=1 F (Iwx[?) (7

where the F() is a smooth and non-linear contrast function F:R+U[I[ 11— R, wy
is the kth row of the N-dimensional complex weight W such that |[W*x| = 1. Bingham
and Hyvirinen have formally proven that the extremes of the cost function Cr in eq.(9)
coincide with the independent components [39]. In the DESTIN case, we select the
Kurtosis for contrast function [40]:

[l =22 -[r?°

F(r) = g 3



In the following MATLAB example, we show how the proposed algorithm
performs in terms of de-mixing a complex noiseless signal. When we selectx =
wi ; sin(wt) + wy , cos(wt) + wy 4 sin(wt) + w}, cos(wt) + j * (wli'1 sin(wt) +
wi, cos(wt) + wi ; sin(wt) + wi , cos(wt)), the complex ICA is capable of correctly
recovering the two harmonic functions. The proposed algorithm correctly reconstructs

the phase of the two mixed signals (i.e., 90°) with a precision of: E — acos (%) =
112

1.4211 - 10713°, or well within the specifications of this project.

3.3 Time of Flight based Localization.

Let’s assume that the brain produces sinusoidal function, since by Fourier series
any signal can always be decomposed. The change in signal amplitude for the lowest
frequency of interest wo=1Hz, over the desired spatial resolution of d=/mm and given
the speed v=22,000m/s of EM waves propagation (see above, computed @10Hz at the
center of the instrument range of 1-100Hz), is given by:

AV = sin(wgyt) — sin (u)o (t + %)>| = sin(w,0) — sin (u)o (0 + %)) =

wos = 28304V (9)

t=0

Therefore, if the brain sinusoidal signals had amplitudes of 1V this would require
[—log,(2.830-107°%)] or 18 bits. However, since the EEG has amplitudes in the
microvolt range, which normally requires at least 12-bits A/D, we would nominally
need a minimum of 30 bits to capture such small phase changes instantaneously. An
A/D converter with 30 bits and fsamp=100MS/s rates is well beyond current or
foreseeable near-future technology. Thus, phase estimation in time domain (TD) seems
to be quite challenging and we recommend instead a frequency domain (FD) design
approach instead.

In the human head the speed of the signal will depend on the tissue through which
the electromagnetic wave is traveling (Fig. 4, top). For simplicity, in the case of a single
tissue, the source-sensor delay”t” [41] is assumed to be equal the difference between
the distances of the source (xg, ys, Z) to the corresponding sensor (on the surface of the
skin) divided by the speed of the EM-wave v in the tissue. In general, the source
position can be found by solving the following set of three quadratic equations:

roz = (xo - xs)z + (yo - ys)z + (Zo - Zs)z

2 2 2
rfz = (xf - xs) + (yf - yS) + (Zf - ZS) (10)
th = (x; — xs)z + (e — }’s)z + (z; — Zs)z

Where (x4, Vo, Z,), (xf, Vi Zf)(xt, v, Z¢) are the coordinates of the three sensors,
and 7 = VymTwm + VesfTesf + VboneThone + VskinTskin 18 the distance traveled by the
EM-wave (e.g., spherical) in the tissue (Fig. 4 A).
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Fig. 4: Example of HFSS phase overestimation at 100Hz in a heterogeneous head.
(Top) The dipole E-field wave travels from the dipole to the surface through the
Grey/White Matter with velocity vwm, then through CSF, bone and skin. (Bottom)
Electric Field (EF) left Source: magnitude (A) and phase (B); EF-right source (C) and
(D). The new simulations show that the voltage changes in C, from 3.774uV to
2.819uV or ~1 uV when the horizontal dipole moves 1mm anteriorly-posteriorly,
whereas the other dipole generates a ~ 0.2 uV increase for the same 1mm step
starting at 6.05uV.
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4. Results.

In order to preliminarily design the nano-radians phase detection technology
proposed, we need to precisely characterize the speed of low frequency EM waves to
establish the sensitivity required in our measurements. The theoretical phase delay of
our signals suggest detecting time intervals as small as 1p=22.4ns: would a technology
based on A/D converter sampling rate of 100 MS/s (89.4 MS/s) be sufficient to estimate
time of flight of the EEG and separate sources? Thus, we performed pilot numerical
simulations for an estimate of propagation speed. The iterative FEM solution took
approximately 10 hours to solve using a PC with 32 processing cores, required 191GB
of RAM, and the maximum change in scattering parameters between subsequent
solution passes converged to within 0.5%. The FEM simulations in Fig. 4 and in Table
1show an overestimation of the predicted phase changes of the signal over the skull
surface, since HFSS is operating beyond its frequency range (i.e., < 200kHz).

Again, eq.(8) is solved numerically with a proof-of-principle example (neglecting
the effect of noise and scattering) to illustrate the localization more clearly by fixing
the (x,y,z) position of the three DESTIN sensors for example to: (f) frontal (70,-55.8,15)
(mm), (t) temporal (0,-55.8,0) (mm), and (o) occipital (-70 ,-4.0,0) (mm). If the source

. . 2007
is located in: S (1, 0,35) (mm) andv,,, = 0089 210~ = 74,953 m/s, andvgss =
2_:722;1_7 = 15,811 m/s. Depending where F, T and O are located we can estimate the

thickness, thus eliminating extraneous variables. From our numerical head model:ry =
meT\{/m +(233+583+212)mm , 1. =VymTim + (2.88 +4.04 + 2.38)mm

and7, = vy Tom + (3.92 + 7.2 4+ 2.87)mm. We can estimate T‘{,m =Tp — Tfsf -

T{: one — ‘L{kin, using again velocity from conductivity and thickness from the model as

done above we estimated the following propagation delays: 73, = 1.64 us,
i, = 1.2853pus, ij;m = 2.1252pus. Using MATLAB (x=fsolve(@(x)
tdoa(S,Po,Pf,Pt,r),zero)) the solution (11,0,35) of eq.(11) was found (the closed form
analytical solution exists and it is quite simple!) with an error less than 1 um (-2.2 10-
8,1.9 10-7, 1.0 10-7) (m) and in a fraction of a second (i.e., 47ms) running on a laptop
in Windows 8.1.

5. Discussion.

Direct Electromagnetic Source Tomography Imaging Neurotechnology
(DESTIN), is a new type of EEG system specifically designed for the localization of
EEG current sources in the brain. Unlike the indirect and sluggish hemodynamic
response measured by fMRI [42-49], DESTIN has the potential to provide a direct
measure of neuronal activity with the exquisite millimeter/millisecond resolution of
EEG. Importantly, however, direct tomography would overcome the main limitation of
EEG, namely, poor and error-prone estimation of brain sources from scalp recordings
due to the inherent ill-posed nature of the inverse method.

In order to build a first DESTIN prototype, a set of design specifications are
necessary for a correct lock-in amplifier (LIA) for phase estimation. The LIA for
accurate phase detection (Fig. 5) has already been successfully employed in steady-
state evoked potential delay estimation in EEG [50].
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Source | Above Above Above Above Above
1 ON | Dipole 1 Dipole 2 Frontal Temporal Occipital Lobe
Lobe Lobe
-lmm 7.9uV 3.8uv 2.7uV 0.9uV 0.6V
Omm 6.5uV 2.8uvV 2.7uV 0.8uvV 0.6pV
+1mm 6.1uV 2.9uvV 2.8uvV 0.8uV 0.6pV
-lmm 260° 179° 113° 195° 101°
Omm 218° 170° 18° 179° 88°
+1mm 294° 176° 109° 251° 61°
Source | Above Above Above Above Above
2 ON | Dipole 1 Dipole 2 Frontal Temporal Occipital Lobe
Lobe Lobe
-lmm 7.4uV 6.1uV 1.9uvV 1.1pVv 0.6V
Omm 7.6uV 6.2uV 2.0uvV 1.1pVv 0.6pvV
+1mm 10.1uV 8.2uv 2.5uvV l.6pVv 0.8V
-lmm 250° 127° 177° 13° 308°
Omm 231° 171° 176° 15° 243°
+1mm 200° 109° 164° 60° 256°

Table 1: Example of phase over estimation with HFSS. Scalp potentials (top rows)
and phases (bottom) estimated with HFSS when moving two sources +1mm. The two
sources are two dipoles centered in D1(11mm,0mm,35mm) and D2(-
9mm,0mm,30mm).

LIA is based on simple harmonic analysis: if V(t) = Vysin(wgt + ¢) is the input
signal and if the heterodyne potential isVy(t) = Vysin(wyt + ), the product gives
harmonic components (i.e., beats) at the sum and difference frequencies, and when the
input and the heterodynic signals are the same:

%[COS(((DO_(DH)t'F(p-I_B)_COS((O‘)O + 0t +¢ +B)] B

wo=wg,f=0 o
VoVH

- [cos(p) — cos(Rwot + ¢)] (11)

If we measure the DC component by filtering out the high-frequency part in eq. (6),
leading to the estimation of ¢ numerically. The high frequency filtering will discard
any residual noise and any instrument/environment noise component at w, frequency
will also be rejected. How many bits do we really need? The total number of bits needed
for a digital LIA is given by the more realistic estimate [51]:

1
b= [133 + lng (1 + m)] (12)
Given that @, = min 2fm ¢ — 172.4nrad (considering  that

1<f<100 rv(f)
v(1Hz)=3,644m/s, v(10HZz)=22,200m/s and v(100Hz)=32,923m/s) and r =10 (i.e., an
error below 5*Nyquist phase sampling rate that corresponds to nano-radians resolution)
which is feasible to detect [52] and corresponds to b=24 bits at an EEG sampling rate
of 1kS/s, this type of A/D converter technology with a highly synchronous module is
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readily available (e.g., b=31 and fsamp=4kS/s, ADS1281, Texas Instruments, Dallas
TX). The signal from each EEG channel after A/D can be numerically filtered with
analog narrow pass-band filters or FFT at various harmonics (e.g., 10, 20, .., 80) and
fed to the multifrequency digital LIA for phase detection after measuring each of the
various harmonic amplitudes. Given the large channel by channel variances in the
human recordings of trans-impedances and the accuracy of our numerical head models,
we expect that the high density (HD) array of sensors proposed (i.e., 256) will be needed
for similar reasons to dEEG. Finally, passive source localization based on time
difference of arrivals (TDOAs) [53-55] has been thoroughly tested in the presence of
multiple sources [56, 57].
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Fig. 5: The proposed lock-in amplifier (LIA). (Top) General schematics of the
circuit. (Bottom) An example of spectrogram of an in terms of amplitude and phase
(left) and the coronal view of a human head with a source (red) representing the
area where neurons are firing and on top the electrodes, which depicts that LIA will
allow for channel by channel precise spectral phase estimation.

A potential system made of the 256 channels is shown in Fig. 6, which
accommodates amplitude and phase estimation at DC and at a set of 10 different
frequencies T" € {OHz, 4Hz,..,40Hz} . Furthermore, each channel may include a
complex impedance measurement system atl". The computer, is connected via an
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Fig. 6: Architecture of DESTIN. (Top) HW layout. (Bottom) SW Flowchart. In this
figure we used the following abbreviations: IEEE 802 stands for Ethernet and Wi-Fi,
ICA is independent component analysis, TDOA is the Time Difference of Arrival

internet interface to DESTIN, via a controller that will supervise power and the
sinusoidal bus controller (Fig. 6 Top). The software architecture consists of modules
for controlling the instrument for real time spectral and complex impedance estimation.
Off line, the software should allow for automatic model segmentation, separate sources,
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estimate source localization and display sources overlaid onto the subject specific head
model.

The EM modeling used for propagation of the signal in the tissue employed the
transmission line to model the human head. This type of approximation has been
introduced previously for a very large spectrum of frequencies and disparate bio-
electromagnetic problems [27, 58-62] with very high precision. The assumptions made
when using a transmission line and the consequent limitation is due to the assumption
of linearity, or in other words the circuit or quadrupole can be modeled as a RLC circuit.
However, such circuit has dispersive component or the circuit is made of R(w), L(®)
and C(w) and in this case the RLC circuit models can model the tissue very precisely
(e.g., the Cole—Fricke—Cole model [63]). Using such RLC model, electrical impedance
spectroscopy (EIS) at low frequency reveals parameters that are dominated by the
motility of the ions that carry the electric field [18], confirms that the actual speed v of
low frequency electromagnetic waves in tissue is approximately the speed of sound in
water.

Finally, limitations include that the electrode interface with the tissue constitutes a
complex geometry to accurately model. For this reason and because conductivity and
permittivity values of different tissues may vary from subject to subject, accurate
numerical head modeling is limited by the accuracy of such values.

The testing of this system could be performed to study phase distributions by
injecting very small current into a patient’s scalp and recording the phases ([64] and
[65]). Retinotopic eccentricity [66, 67], could help assess DESTIN localization
accuracy signal of the visual evoked potential (VEP) experiment, in which a flashing
object is displayed in a precise location in the subject’s visual field which projects into
visual cortex through the retinotopic mapping. DESTIN localizations could be
compared to the retinotopic predictions. MRI of healthy subjects maybe required for
accurate head modeling to develop a system that is robust and subject-specific. Testing
in humans could elucidate whether the gain difference of arrivals (GDOA) information
(known to improve localization [68]), and phase difference of arrivals (PDOA)
information works best (see below). Although, all new methods must be tested against
Crammer-Rao bound localization limits [69]. The delay estimation algorithm is the
most important component of the entire DESTIN system, and its accuracy will decide
the final spatial resolution of the entire instrument. The delay (or phase) computation
relies on the similarity of the signal as it is picked up by the different sensors. Detailed
validation should be performed on individual head modeling to study the accuracy of
the simulations against the EIS recordings performed on all subjects.

6. Conclusions.

Direct tracking would overcome the main limitation of EEG, namely, poor and
error-prone estimation of brain sources from scalp recordings due to the inherent ill-
posed nature of the inverse method. This new approach may displace the currently
outdated EEG technology providing a direct measure of neuronal activity with the
exquisite millimeter/millisecond resolution of EEG at low cost and high degree of
portability for real world measurements.

In this manuscript we have presented how DESTIN could potentially be
implemented with respect to localization, including accurate phase estimation with the
use of a proposed lock in amplifier (LIA). The localization is entirely based on the
theory that predicts that EM-waves propagate much slowly in the brain than in vacuum
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(i.e., speed of light), and only about an order of magnitude more than sound in water
making direct localization feasible. However, we tested EM-simulation software i.e.,
HFSS) and found that it greatly overestimates the phases of the signal. Thus a better
low frequency phase estimation systems are needed to best study the low frequency
EM-wave propagation in the brain. Finally, this paper discusses a possible architecture
for HW and SW implementation of DESTIN, using ICA for source separation for the
case of multiple sources active at the same time.
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