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Summary. In this paper we consider an inverse problem motivated by the use of electroencephalogram
(EEG) data to estimate the location and strength of a neural activity in brain tissue. This problem leads to
a Poisson type equation with interfaces where the source of activity is described by a model whose parameters
must be estimated. Much of the work in this is based on modelling the source as a “dipole” and least square
or maximum likelihood estimators are used to identify the parameters. In this paper we present a simple
model to illustrate some of the theoretical and numerical issues associated with computing sensitivities for
problems of this type.

1 Introduction

The problem of estimating the location and strength of a neural activity in the brain tissue from
electroencephalogram (EEG) and / or magneto-electroencephalogram (MEG) measurements on the
scalp has spawned considerable interest in inverse problems for multi-layered interface problems
(see [5], [7], [8], [9], and [15]). One cause of an epileptic seizure is a spontaneous brain activity and
accurately locating the position of this source is helpful in several proposed medical procedures to
address the problem. The basic mathematical model is a Poisson equation with interfaces and leads
to an elliptic equation with discontinuous coefficients due to the different conductivity values for the
brain, skull and scalp. The forward problem is well understood and issues such as head shapes and
movements have been carefully studied (see [9], [12], [13], [14], and [15]). Moreover, efficient numerical
methods have been developed for the forward and inverse problems with interfaces and singular
sources (see [6], [8], [12] and [13]). The source of often assumed to be a dipole of some type and it
has been suggested that mathematical dipoles are adequate models for source generators. Nehorai
and co-workers [9] have studied the inverse problem for this class of models and derived Cramer-Rao
bounds which are useful in evaluating parameter estimation algorithms. Much of this theory and
most numerical algorithms require the computation of sensitivities or generalized sensitivities that
define the Fisher information matrix (see [9] and [11]).

In this short note we discuss the problem of constructing accurate numerical methods for sensi-
tivity computations. We note that the problem of computing sensitivities with respect to interface
locations leads to a very weak elliptic problem that requires special methods in order to achieve ac-
curate solutions across the interfaces. Also, as noted in [6] the problem is made more difficult when



the source term is singular (e.g. a delta function or dipole). We present a theoretical framework that
can be used to develop approximation schemes for sensitivity computations for such equations and
present numerical results to illustrate the ideas.

2 The Model

The head, denoted by G, is usually described as three homogeneous sets, one surrounded by the
next one, denoted by: GG; the brain, G5 the skull and G3 the scalp. The surface between them are
denoted by S7, Se and S3, respectively and S3 = G. The conductivity function x(z) that contains
the conductivity of the different tissues is a positive and piecewise constant function of the form

k(x) = 0; reG;, j=1,23.
The Electroencephalogram (EEG) problem is modelled by a Poisson type equation of the form
V- (k(z)Vw(z)) = F(x) redG (1)

with Neumann boundary condition

ow(z)
R 0, x € 0G (2)
subject to the interface conditions
ow
[w]| =0, [s(z)5-]] =0. 3)
S W,

The unknown w(-) is the electric potential, the function x(x) contains the conductivity values of the
different tissues of the human head G, F(x) = V - J;(z) where J;(x) is the impressed current and v
is the external normal vector. The impressed current is supposed to be concentrated to a very small
area.

The surface potential w(-)|gs is measured as a difference between a reference point ¢ € G and
hence we set w(xp) = 0 and this provides a boundary condition

w(zg) =0 xo € 0G. (4)

The forward problem in EEG consists in finding the electric potential w(-) when F(z) is given while
the inverse problem consists in finding the location and strength of the source for a given potential
distribution.

The source is often modelled by a dipole of current density (see [5] and [9])

Ji(x) = J(x,q,p) = qd(z — p) (5)

and the inverse problem to to estimate the parameters g and p from scalp measurements. In addition,
one also needs to have estimates of the coefficients o;, i = 1,2, 3 and interface locations S;, i = 1, 2.
Moreover, the brain tissue is inhomogeneous and anisotropic and in the real problem these features
require special computational methods (see [15]).

The existence of weak solutions for (1)-(4) and the continuity of the solutions with respect to
the radii R; of the sets G; can be found in [12]. The continuity of the solutions with respect to the
values of k(x) was stated in [13]. As noted above, the inverse problem requires the computation of
sensitivities of the solution w(-) with respect to the “parameters” ¢, p, 0;, S;,i = 1,2, 3. In this short
note we limit our discussion to simplified 1D versions of the EEG Problem. The full 3D version will
appear in a future paper.



3 A 1D Model Problem

Let 0 < Ry < R and set G = (0, R2) = (0, R1) U (R1, R2) = G1 U G4 and set q = (¢1,92,43,q4) =
(01,09, Ry, R2). We consider the elliptic interface problem

9] ow
(k@) o a) =0 @ e (0,q0) (6)
with boundary conditions
w(0) =0 (7)
and interface conditions
(kge)(as) = (kg2)(a3),  wlaz)=w(q) (8)
where k(x,q) is the piecewise constant function
a1 0<z<gs
k(x,q) = . 9
(z.q) {fh 3 <X < qq ©)

In order to keep the paper short and to focus on the sensitivity computation, we limit our discussion
to the case where the source F'(z) = 0 and the boundary condition at Ry is defined by

w(Ry) = 1. (10)

This problem is sufficient to illustrate the nature of the sensitivity equations for various parameters
such as conductivity and interface locations.

Remark. The problem with a singular source F'(z) # 0 and boundary condition w'(Rg) = 0 is
closer to the EEG problem and will be discussed in a future paper. However, it is worthwhile to note
that source location identifiability is highly dependent on the choice of the model for the source F(z)
(see [3] and [4]). Dipole sources alone may lead to highly ill-conditioned inverse problem requiring
some type of regularization.

The four parameters in the problem are the spatial location of the interface, g3, the endpoint of
the domain, g4, that satisfies 0 < g3 < q4, and the parameters ¢; > 0, g2 > 0 which are the values of
k on each subinterval. The solution w(z, q) of (6)-(10) can be calculated analytically and is given by

g2 T
— q293—q193+qaq1

w(xv Q) - { q1 T
9293—q193+94q1

—q)+1° (11)

Note that the denominator gags — g1gs + qaq1 = q1(qa — g3) + ¢2¢3 is never zero since both terms

in the right side are positive. Observe that the sensitivities s;(x,q) = —aw(””_’q) can also be given in
s dq g
explicit analytical form. For example,
_ a2(g3=qa)
s (x ) — J (9293—q193+qaq1)? x (S (07QS) (12)
1\ q o am o gy ge( )
(4293 —q193+q4q1)? 44 g3, 44
and ( )
_ wn-e)
s (x ) — (q2a3—q193+qaq1)? x S (O,L]g) (13>
3 d _ ailga=gz) (z—qu) z € ( ).
(9293 —q193+94q1)? 44 q3,44)-

Similar expressions hold for s3(z,q) and s4(z, q).

Remark. It is important to note that the solution w(x,q) has an explicit dependency on all
the parameters at all points x € [0, g4]. We shall use these exact solutions to test the results of
numerically generated sensitivities. In particular, we use a discontinuous Galerkin finite element
method to solve elliptic boundary value problems that are satisfied by the sensitivities s;(z,q),
1 =1,2,3,4. These equations are called the sensitivity equations and the process of computing the

sensitivities by solving these boundary value problems is called the Continuous Sensitivity Equation
Method (C-SEM).



3.1 The Sensitivity Equations

We denote by ’ the derivative with respect to the state variable z and by s;(x,q) the derivative of
w(z,q) with respect to ¢;. Thus, s;(x,q) = %j’q), i = 1,2,3,4. To derive the sensitivity equa-
tions, one formally differentiates (6) with respect to the parameter ¢; and interchanges the order of

differentiation to obtain
(k(z,q)si(z,q)) =0  x € (0,q4). (14)

It is important to note that at this stage this is a purely formal derivation that will be justified
later. In order to obtain the interface and boundary conditions for the sensitivities, one again formally
differentiates the corresponding interface and boundary conditions for w(z,q). This process leads
to boundary and interface conditions for the four sensitivity functions. In addition to the elliptic
equation (14), the sensitivities s;(z, q), ¢ = 1, 2, 3, 4 satisfy specific boundary and interface conditions.
For the two sensitivities s1(z,q) and s3(z,q) these conditions are

Sl((og = O
s1(qa) =0
ke, Q)i (a3) — bz, Q)% (¢7) = —w'(g5) (15)
s1(q3) —s1(qd) =0
and
S3 0) =0
53(q4) =0
ko, )s4(a5) — k(@ @)sh(gd) = 0 ’ (16)
ss(qz ) — ss(q) = w'(q5) —w'(q3)

respectively. Similar conditions hold for s2(z, q) and s4(z, q). The conditions for s3(x, q) were derived
in [2]. Also, note that since ¢4 is the end point of the interval, the boundary conditions at that point
is not zero.

3.2 Variational Formulations of the Sensitivity Equations

In this section we present the variational problems for each sensitivity s1(x,q) and discuss the well-
posedness of this problem. This is the first step in developing accurate and convergent numerical
scheme for the sensitivities. A detailed analysis is presented for s1(z,q) and sa(z,q) is similar.
The derivation of the sensitivity equations for s4(z,q) and s3(z,q) may be found in [1] and [2],
respectively, and will not be given here. However, it is important to note that the interface location
sensitivity ss(x,q) is not continuous across the interface and this is one of the motivation for the
use of discontinuous finite element methods in [2].

In order to develop the appropriate variational (weak) formulation of the sensitivity equation for
s1(z,q) we define W = {v € H}(0,q4) : kv € H'(0,q4)} and let

a(v, S) = _<(kvl)lv S)>

be the “natural” bilinear form on W x L?(0, q4). Here, (-,-) is the usual inner product on L2(0, q4).
The weak formulation for the sensitivity equations (14) with conditions (15)-(16) for s; can be
written as a variational problem of the form: Find s(z,q) € L?(0, g4) such that

a(v,s) = Li(v), YveW, (17)

where L;(v) is a linear functional that depends on i and that takes a particular form in each case
depending on the boundary and interface conditions (15)-(16).

The properties of the bilinear form a(-,-) can be found in [2]. We focus on the first sensitivity
s1(z,q) and refer the reader to the papers [10], [1] and [2] for the other cases. In the rest of this
section we study the solutions of (14) with conditions (15) and those of the weak formulation (17) for
s1(z, q). The following theorem states that (17) is equivalent to the elliptic boundary value problem
defined by (14) with conditions (15). Recall that w(x, q) is the solution of (6)-(10).



Theorem 1. The function s1(x,q) € L?(0,q4) is the solution of the variational equation
(k) 5) = (=g 0)@s™) VweW (18)

if and only if it is a solution of (14)-(15). Moreover, si(x,q) € Hg(0,q4) is a piecewise linear
continuous function.

Remark. We note that it is possible to show that all the variational problems defined above
are well-posed weak equations. The choice of the linear functional L, for s;(z,q), i = 1,2,3,4 are
defined by

Li(v(-)) = BiGi(v(-)), (19)
where ) )
—W q3 1=
B w/(q—i-) i=9 B U(qis;) i=1,2
ﬁi - Z’:(‘g) —w (q;) i=3 ) Gz(v( )) - E:z))(g?g 7’; - i (20)

Complete proofs for these sensitivities and in higher dimension will appear in a forthcoming paper.
We turn now to an approximation scheme. The scheme was first proposed in [2]. We show that
applying this scheme to the sensitivity equations is highly accurate. In fact, it is possible to obtain
error estimates based on the variational formulations such as (18) above.

4 Approximation of the Sensitivity Equations

We use the Petrov-Galerkin finite element scheme presented in [2] to approximate the sensitivity
equations defined by the variational equation (14) with boundary and interface conditions (15)-(16).
We also use the same scheme to approximate the forward problem defined by (6)-(10).

We briefly described the space containing the trial functions and the one containing the test
functions. A more detailed description can be found in [2]. Define the partition 0 = zp < 1 < 3 <
<+ < TN41 = g4, Where g3 = xy, for some integer k, 0 < k < N, h = x; — x;,_1, and let S, (the space
of trial functions) be a space of functions that are polynomials of degree 1 on e; = [x;_1, 2]

Sp={s€ L*(0,q4) : 5(0) = s(qa) = 0, 8]c; € Pi(e;),i=1,N+1}.

let ¢ = xim"_: and define

Xi—Tq
Bor 1 — G TEe . By — 1-Gr1 T€eiq1
2l 0 otherwise '’ 2 0 otherwise °

With this definition it follows that Sy, = span {®;,i = 1,...,2N}. The space of test functions
Vi ={veW:v(0) =v(1) =2'(0) =0 (qu) = 0,v|, € Ps(e;),i=1,-- N +1}

is spanned by the piecewise cubic functions

CE(?) — 2(1) T ee; hé?(l — Cl) T Ee;
Wiy =4 (1= Giy1)*(2G1 +1) z€ein ;o Woi =4 h(1—Cip1)%G1 T E€eip
0 otherwise 0 otherwise

so that V;, = span {¥y,-,-,¥an}. Note that ¥1,¥s, Wan and Yon_1 must be modified so as to be in
Vi,. We also modify Wy, when g3 = xj, in order to admit the jump at g3, as follows

hcz(l — Ck) T € e
Wor, = ¢ Rh(1 — Cpt1)*Cht1 T € epyr
0 otherwise



k(x
%;lqz It can be shown that Sj, = span {¥}, ..., W)y} (see Lemma 3 in [2]).
Remark. In order to use the same test functions V;, = {¥;, i=1,--- 2N} for s;(x,q), i =
1,2,3,4 and w(x,q), we transform the systems corresponding to s4(z,q) and w(x,q) in order to
satisfy the null condition at 4. This can be done, in each case, by subtracting a linear function that
satisfies the condition at the end point, i.e., W(z) = w(z) — = and sy(x) = sa(z) + w'(q4) ;. For
simplicity we will omit the hat and note these new functions by s4(z,q) and w(z, q).
The sensitivity functions s;(z,q), i = 1,2, 3,4 are approximated by

where R =

2N
sin=Y_ 2 ;P;(x)

j=1
and the problem of finding s;;, reduces to the following finite dimensional problem: Find s;;, € Sh,
i =1,2,3,4 such that

a(Pp, sin) = Li(¥p("))

where L; is defined by (19)-(20) above. This problem has a unique solution since a(¥;,s;,) =
implies (¥, ksp) =0, Vp = 1,--- ,2N and {!I/;', p=1,-- ,2N} is a basis for Sj,. Equation (21
is equivalent to the linear system defined by

p=1,2,.,2N

—~~
[N}
—_

)
0
)

2N

> a(W,, ®;)zi

Jj=1

=L;(¥%,() p=12,..2N

and this system is used to compute the approximate sensitivities.

4.1 Numerical Results

We present numerical results obtained when the actual parameter values are 1 =1, o =2, q3 = .4
and g4 = 1. The function wy(z) is calculated with a step of k = 50 and We use this approximation to
compute the sensitivity functions s;, ,, 7 = 1,2, 3,4 with a step of h = 20. The plot of all sensitivities
are shown in Figure 1. It can be seen that at the interface point ¢s = 0.4, the sensitivities functions
change their shape to satisfy the interface conditions. In Table 1 we show the relative errors for
different partitions N = 5,10, 15,60 of [0,1] and perturbations of 5% and 10% in ¢;. Analogous
numerical experiments for perturbations on the parameter g4 are shown in Table 2. The error between
the corresponding numerical solutions is now concentrated at the right end of the interval.

N [q =(0.90,2,0.4,1)|q = (0.95,2,0.4,1)|q = (1.05,2,0.4,1)|q = (1.10,2,0.4, 1)
N=5 0.0211 0.0103 0.0099 0.0194
N =10 0.0217 0.0106 0.0101 0.0199
N =15 0.0219 0.0107 0.0103 0.0201
N =60 0.0225 0.0110 0.0105 0.0206
Table 1. Relative error of the solutions for perturbations in the parameter 1 = 1.
N|q=(1,2,0.4,0.90)|q = (1,2,0.4,0.95)|q = (1,2,0.4,1.05)|q = (1,2,0.4,1.10)
N ) 0.0791 0.0381 0.0953 0.1159
10 0.0768 0.0370 0.0526 0.0714
N 15 0.0760 0.0366 0.0377 0.0714
N =60 0.0765 0.0368 0.0364 0.0687

Table 2. Relative error of the solutions for perturbations in the parameter g4 = 1.
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Fig. 1 Sensitivity Functions s, ,,l =1,..,4,k =&, h =2

5 Conclusions

In this short paper we analyzed the sensitivity equations for a 1D elliptic interface problem that is
similar to a simplified 1D version of an EEG problem. The equations corresponding to the sensitivity
of the solution with respect to the parameters of the problem were stated and its variational form
were analyzed. Approximate solutions were calculated by a discontinuous finite element scheme.
Typical numerical results were presented to illustrate the method. The 3D inverse problem will be
the subject of a future paper.
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