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Abstract— A symmetric boundary element method, whose high
accuracy for the forward electroencephalography (EEG) problem
has recently been reported, is applied to Electrical Impedance
Tomography (EIT), i.e. the estimation of conductivity in vivo,
using current injection on the scalp. Current injection is very
easy to model, as the current flow is an explicit unknown in
the symmetric BEM. The EEG and EIT have the same system
matrices, and no extra assembly is required. A gradient descent
method allows to estimate the conductivities, by minimizing
the discrepancy between simulated and measured potentials. A
variant is proposed for simultaneous estimation of the current
injection intensity. We demonstrate the ability of the method to
recover the skull-scalp conductivity ratio, on simulations and on
measured data.

Keywords— Boundary Element Method (BEM), Electrical
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I. INTRODUCTION

The inverse electroencephalography problem is quite sensi-
tive to the precise knowledge of the conductivity distribution
inside the head [1]. The skull in particular requires much
attention because of its low conductivity, its non-homogeneous
character and its complex geometry. In vitro conductivity
measurements have demonstrated the high variability of skull
and white matter conductivity between subjects. It is therefore
important to develop non-invasive methods for routine in vivo
conductivity measurement.

The extreme sensitivity of the electric potential to the
conductivity profile of the head, and particularly the skull, can
actually be turned into an advantage, in the case where some
electrical source parameters can be controlled: this is the gist
of Electrical Impedance Tomography. Variants in this domain
concern the ways in which the electrical source is controlled.

One approach consists of using source localization from
magnetoencephalography somatosensory evoked fields to con-
strain an EEG forward problem. Conductivity values for a
given head model are estimated by matching simulated poten-
tials to recorded potentials [2—4]. Injected-current EIT, which
we focus on in this study, imposes a low-intensity current on
the scalp through selected EEG electrodes, and presents the
advantage of using an inexpensive experimental setup readily
accessible in all neurophysiology units [5].

Our method for EIT follows the general lines of [6],
but it is based on the symmetric BEM, which shows high
accuracy for the forward EEG, thus requiring triangulations
with less elements to reach a prescribed precision [7, 8]. In the
symmetric BEM, both the potential and the flux are explicit
unknowns, allowing the scalp current to be imposed very

easily, and the forward matrix for EIT is exactly the same
as for EEG. We propose an algorithm which minimizes the
discrepancy between simulated and measured potentials by
a gradient descent on the conductivity values. The method
is applied to a real EIT dataset, and in spite of the lack
of injection current measurements, it appears successful in
recovering the skull-to-scalp conductivity ratio. The estimated
ratio is of order 1/25, i.e. in agreement with recent results in
the literature.

Il. SYMMETRIC BEM
A. A common model for EEG and EIT

Consider an electric potential V' which satisfies, inside the
head volume, a Poisson equation [9]

V- (oVV)=f inQ 1)
with the following boundary condition on the scalp:
00,V =35 on o . 2

In an EEG model, the sources inside the brain are represented
by f, and the current on the scalp, j, vanishes because of the
non-conducting medium (air) around the head. Conversely, in
our EIT model, sources inside the head are assumed negligible
(f = 0) and the current on the scalp j is imposed.

In this paper we consider a three-layer head model. Con-
ductivities of the brain+CSF!, the skull, and the scalp are
respectively denoted o1, oo and o3. The surfaces enclosing
these homogeneous conductivity regions are denoted Sy (inner
skull boundary), So (skull-scalp interface) and S5 (scalp-air
interface).

B. Symmetric BEM formulation

A careful application of the Green representation theorem
leads to a linear relationship through integral operators be-
tween the potential V' and the normal current ¢9,V on each
of the surfaces?, driven by a source term involving the inner
current sources f and/or the injected current j. More precisely,
let V;, resp. p; = (69aV'); denote the restriction to surface S;
of the potential, resp. the normal current. With the formalism
presented in [8] the system (1)-(2) for a three-layer head model
becomes:

Acr [Vl ‘/2 V:?y P1 P2]T:Ba (3)

Lcerebro-spinal fluid

2denoting n the outward-pointing normal. Unlike 8, V/, the quantity o0, V'
is continuous and it is legitimate to consider its restriction to a surface of
discontinuity of conductivity.
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where A, is a matrix and B, a vector which are now detailed.
The symmetric matrix A, has a block structure

N, DT
v=("5 ) @
with

(0’1 +O’2)N11 —O'2N12 0
Ny = —02Ngy (02 +03)Nag  —o3Nag
0 —03N32 o3N33
S — { (o7 +051)Sn 05 'S }

7 (72_1521 (0'2_1 +03_1)522

D_ —2D11 D1s 0

The blocks N;;,S;; and D;; only depend on the geometric
structure of the meshes, and not on the conductivities. The
blocks N;; and D;; map a potential V; on S; to a quantity
defined on S;. The blocks S;; map a normal current p; on S;
to a quantity defined on S;.

The vector B, on the right-hand side of (3) was derived in
[8] for the EEG case: supposing f to be supported in the brain
compartment, and j in (2) to vanish on the scalp, then

By = [(018av)1 0 0 (v); 0]" (5)

where v is the solution of o1 Av = f, i.e. a potential driven
by the same source term, but in an infinite domain with
conductivity o;.

To apply the symmetric BEM to EIT, we generalize the
right-hand side term to the case of injected current on the
scalp. In the case where internal sources f vanish and j # 0,

. T
. . ] _ .
—D33j Dizj—= 0 o035'Swj| . (6)

B, =
0 2

Details on the derivation of the above term, using arguments
similar to those of [8], will be detailed in a forthcoming article.
If both internal sources f and injected current j are present,
the right-hand side terms (5) and (6) are simply summed.

C. Discretization with P1-PO elements

The vector of unknowns [V; Vo Vi3 p;  po]T, once
discretized, combines the P1 coefficients of the potential 1 on
all vertices of surface S, Ss and Ss, and the PO coefficients
of the flux p = 09,V on surfaces S; and S,. The injection
current j is discretized with PO boundary elements on the
scalp, i.e. a constant value on the two triangles representing
the injection and extraction electrodes and zero elsewhere.

D. Validation

We introduce two potentials: V; the solution of an EEG
forward problem (1)-(2) with f = V- .J, and j = 0, and V
the solution of an EIT forward problem (1)-(2) with f = 0
and j = d,, — d,_. Then from the principle of reciprocity [10]

; Tp(r) - VV; = Vi(ri) = Vy(re) -

The electric field of EIT VV; can be viewed as a lead
field for EEG. We have used this observation to validate
the EIT solution V;, for the case of a dipolar EEG source
fp(r) = ¢ J,,; first on concentric spheres, with an analytical
EEG solution, and then also for a realistic head geometry
model, with the forward EEG solution V; calculated with the
symmetric BEM. Relative errors were very small (of the order
of 1%).

I1l. INVERSE EIT SOLUTION
A series of M EIT experiments was performed on the same
human subject. In each experiment m =1,..., M, we noted

« the electrode labels I,,, used for current injection,
« the potential v,,, measured on the remaining electrodes.

The potential could not be reliably measured on the injection
and extraction electrodes because of the impedances involved.

A. Case of current injection of known intensity

We assume the intensity of the current injection \,, to be
known. The scalp current injection pattern is

Im (1) = A um (1) O

where w,, is of the form §(r1) —d(r2), with unit intensity. For
a fixed conductivity distribution, the forward EIT problem can
be solved using (3)-(6), yielding a potential V (o, j,,,) on the
scalp. We seek the conductivity distribution o = (01,02, 03)
which minimizes the cost function

M
1 .
E(U) = 5 Z ”V(gv]Tﬂ) - vm”?ncas . (8)

m=1

The norm || ||2,... is a discrete /2 norm over the measurement

electrodes: denoting 7 the position of electrode k&,
IV = vmllfeas = D V() = vm(re) [ -
k¢ Im
The gradient of the criterion (8) is equal to

M

VU E(U) = Z <V(07Jm) — Um, Vav(avjm»mcas (9)

m=1

<V13 V2>meas = Z Vl(rk)‘/Q(Tk) .

k&I,
In our piecewise-constant cinductivity model,
VoV =1(05,V, 05,V, 05,V .
Differentiating (3) with respect to o; shows that these partial
derivatives satisfy
Ao (05 V1 05 Vo 05,V3 Opip1 Oo,po]” =
—05,Ac[Vi Va V3 p1 pa]" +05B, Vi (10)
Given the form of A, in (4), and decomposing (with a

straightforward notation) N, = >"o;N; and S, = > 0;'S;,
it is clear that

N; 0
aa".'Ao a ( 0 —0';251‘ > ’
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Any multidimensional method can be used to find ¢ =

(01,02, 03) minimizing E. We have chosen a gradient descent
algorithm (Algorithm 1).

Algorithm 1 Iterative gradient descent for o

Initialize o
repeat
for each experiment m =1,..., M do
compute V' (o, j,,) solution of (3)-(6)
fori=1,2,3 do
compute do;V solution of (10)
end for
end for
compute V., E with (9)
perform a line search to find o minimizing E(oc —aV,E)
og—o—aV.,FE
until |VE(o)|| < threshold

B. Case of unknown current injection intensity

Depending on the experimental setup, the injected current
amplitude may not be known and may not even be constant
during the experiment. For this reason, we propose an alter-
native inverse EIT algorithm in which the current intensities
{Am} in (7) are also estimated. In this case, it is not possible
to recover the scalp conductivity, which will therefore be set
to a fixed value. We use the modified cost function

1 M
B'(0) = min 5 37 V(o Amttn) = Omlcas - (1)
m m=1
The minimizing A,, can be computed explicitly due to the
linearity of V' with respect to source intensities

<V(Oa Um)» vm>meas
<V(O’, uvn)a V(O’, um))meas

Am(o) = (12)

and therefore

Fo)=5

m=1

Algorithm 1 remains valid, if the gradient (9) is replaced by

2

S (0) V (0, i) — vm’

meas

V,E' (o) =
M ~ ~
Oon(0)V (0, ) — v, Vs ()\m(a) V(o, um)) Y meas

m=1

IV. EXPERIMENTAL RESULTS
A. Experimental setup

A 32-channel EEG helmet was positioned on the subject’s
head, and 20 injection-extraction electrode pairs selected. A
current was applied to each of these electrode pairs succes-
sively. We used a series of square pulses with a duration
of 0.5 ms, an amplitude of about 0.1 mA and a repetition
frequency of 110 Hz. The potential was sampled at 10 kHz
and averaged over more than 1000 selected, artifact-free repe-
titions. For each electrode stimulation pair, the measured EIT

potential v,,, was defined as the peak value of the averaged po-
tential, the peak occurring simultaneously at all measurement
electrodes. The injection current was not measured during
acquisition, and therefore we used the estimation procedure
outlined in Section I11-B. Consequently, it was not possible to
estimate the absolute tissue conductivities, but only their ratio
to the scalp conductivity.

B. Head model and system assembly

A magnetic resonance (MR) image of the subject’s head was
segmented into three surfaces using ASA (Advanced Source
Analysis, ANT). The meshes generated were of sufficient
quality for BEM and did not require any post-processing.
The number of vertices per surface was 510 (brain-skull),
510 (skull-scalp) and 1222 (scalp-air). For a fixed conductivity
distribution, the EIT system matrix A,, as well as the source
term B, were assembled, requiring approximately 8 and 5
minutes, respectively, on a Pentium PC with 3.4 GHz CPU
and 2 GB of RAM. Updating these matrices for different o is
straightforward given (4) and (6).

C. Conductivity estimation

We tested the algorithm on simulated data, generated with
the realistic three-layer head model described in Section IV-
B, for conductivity values oprain = 1.2, 05un = 0.0308, the
conductivity of scalp being fixed t0 ogcap = 1. Results are
presented in Table I. Estimating ogiun and oprain Simultane-
ously, we noticed that the estimation method was not sensitive
enough to brain conductivity: the gradient 9, ., E(c) was
much smaller than 9, ,E(c), and the brain conductivity
almost did not change when optimizing over both parameters.

Optimizing only over the skull conductivity, we tested the
variability of the estimated skull conductivity with respect
to the fixed brain conductivity. A change of up to 50 % in
Obrain esulted in a change of less than 16 % in o,y for the
simulated dataset.

Table 11 presents conductivity estimation results on the real
dataset, optimizing only on the skull conductivity. The skull-
scalp conductivity ratio recovered is 25, which is consistent
with recent results in the literature [2-6].

The normalized cost function E(o)/ >, _1 s 1vm || Zeas
is an indication of the goodness of fit of the model. For
the real dataset, Figure 1 (top) shows the normalized cost
according to the skull-scalp conductivity ratio, with brain and
scalp conductivities set equal to one. The full curve shows
the normalized cost (11) when the current intensities are
estimated as well as the conductivities. The dashed curve
corresponds the normalized cost (8) for fixed current intensity
values, set to S\m(aopt), where o,y is the conductivity value
minimizing the full curve. A zoom on the minimizing region
in Figure 1 (bottom) shows that the cost displays a clear
minimum even in the case of estimated current (full curve). It
is also evident that the knowledge of current injection (e.g.
through its measurement) makes the minimum of the cost
function much sharper.
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TABLE | Normalized Cost
SIMULATED DATA, FOR ograin = 1.2, oskuLe = 0.0308, oscap = 1. 0.7
fixed initialization estimated time 0.6
conductivities conductivities elapsed 0.5+
Ogkull = 0.1 Ogkull = 0.0317 R -
Oscalp = 1 Oprain = 1.12 Obrain = 1.12 648 s 0-4f _‘.“"
Oscalp — 1 0_33. ‘,.—"‘
Obrain = 1.2 Oskull = 0.1 Oskull = 0.0309 543 s ks L -
Oscalp = 1 0.2 ‘\\ —'_,-"
Obrain = 1.8 | ogeun = 0.1 | ogun = 0.0259 | 669 s ol N i
0 , , , , , . , )
TABLE 11 0 20 40 60(5 /gO 100 120 140 150
scalp ~ ~skull
REAL DATA zoom on mimimizing region
fi xed initialization estimated time :
conductivities conductivities elapsed
Oscalp = 1
Obrain = 1 Oskull = 0.02 Oskull = 0.0408 485 s
Oscalp = 1
Obrain = 1 Oskull = 0.1 Oskull = 0.0407 597's
Oscalp = 1
Obrain = 1.2 Oskull = 0.1 Oskull = 0.0394 594 s

V. CONCLUSION 10 D5 1o, D 40 0

scalp
We have presented a novel conductivity estimation proce- Fig. 1. Nommalized cost for the real data (fog). Z the minimis
= = H . 9. 1. ormalized cost tor the real aata (top). £Zoom on the minimizing
dure with the following r_nam features: . . region (bottom). Full line: with simultaneous estimation of injected current.
o It uses the symmetric BEM formulation, which guaran-  Dashed line: with fixed injected current (see text).
tees a very accurate realistic forward model.
o The forward matrix of EIT is the same as the one of EEG,

and it is very easy to Update for different COﬂdUCtIVIty [2] S. Gongalves, J. de Munck, J. Verbunt, R. Heethaar, and F. Lopes da

profiles. Silva, “In vivo measurement of the brain and skull resistivities using an
« Current injection at the electrodes is very simple to EIT-based method and the combined analysis of SEF/SEP data.” |EEE
model, since the current flow is an explicit unknown in g;%?’g(g(')%ns on Biomedical Engineering, vol. 50, no. 9, pp. 1124-8,
the symmetric BEM. [3] U. Baysal and J. Haueisen, “Use of a priori information in estimating
« The inverse EIT problem is formulated as a minimization tisfug YESiStiVisties - gpgl(i]((:)ation to human data in vivo,” Physiol. Meas,,
. - vol. 25, pp. 737-748, 4.
of a COS_t fl_JnCt_Ion' whose gradler_]t can be COI’T_]pUtEd. [4] D. Guttiérrez, A. Nehorai, and C. H. Muravchik, “Estimating brain
o The optimization based on gradient descent is fast: the conductivities and dipole source signals with EEG arrays,” |EEE Trans-
algorithm converges in less than 12 minutes. ad'onzsogn Biomedical Engineering, vol. 51, no. 12, pp. 2113-2122,
. .. . . . Dec. 4.,
« The method does not require Injection current intensity [5] T. Oostendorp, J. Delbeke, and D. Stegeman, “The conductivity of the
to be measured. human skull: Results of in vivo and in vitro measurements,” |EEE
Results on simulated and on real datasets show the pertinence IZ%’;T;E“?O%% Biomedical Engineering, vol. 47, no. 11, pp. 1487
of the method for the estimation of the skull-scalp conductivity  [s] s. I. Gongalves, J. C. de Munck, J. P. Verbunt, F. Bijma, R. M.
ratio. Further validation on more subjects is underway. Ac- Heethaar, and F. L. da Silva, “In vivo measurement of the brain and
; i . skull resistivities using an EIT-based method and realistic models for
cording to_our prellmln_ary .reSUItS’ _scalp Injec.te.d EIT does r_]Ot the head,” |EEE Transactions on Biomedical Engineering, vol. 50, no. 6,
appear reliable for estimating brain conductivity. Alternative 2003.
methods in which the current source is located inside the brain,  [7] G. Adde, M. Clerc, O. Faugeras, R. Keriven, J. Kybic, and T. Pa-
; padopoulo, “Symmetric BEM formulation for the M/EEG forward
Such as Somatc.)sensory e\{ol_<ed po_tentl_als, are probably a better problem,” in Information Processing in Medical Imaging, ser. LNCS,
choice for brain conductivity estimation. C. Taylor and J. A. Noble, Eds., vol. 2732.  Springer, July 2003, pp.
524-535.
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