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In Vivo Measurement of the Brain and Skull
Resistivities Using an EIT-Based Method and
Realistic Models for the Head

Sonia |. Goncgalves*, Jan C. de Munck, Jeroen P. A. Verbunt, Fetsje Bijma, Rob M. Heethaar, and
Fernando Lopes da Silva

Abstract—In vivo measurements of equivalent resistivities of head must be knowa priori, and it is known that the solution
skull (psiun) and brain (pprain) are performed for six subjects to the EEG IP is highly dependent on the values taken for
using an electric impedance tomography (EIT)-based method and tpese parameters ([9]-[15]). The first attempts to measure the
re?ll;’lsélccg(s)giilslf%ghhr?dt;?;délement method (BEM) formulation electrica! resistivities of the tissues [1_6] were maeitro anq
for EIT is very time consuming. However, the application of the ©Often using samples taken from animals. These experiments
Sherman-Morrison formula reduces the computation time by presented several pitfalls. The tissues were taken from their
a factor of 5. Using an optimal point distribution in the BEM  natural environment and it is known that the death of the tissue
model to optimize its accuracy, decreasing systematic errors of induces changes in its electrical properties. On the other hand,
numerical origin, is important because cost functions are shallow. |65 obtained from animal tissues are by no means sufficient
Results demonstrate thalpskui/ Pbrain iS More likely to be within . L L . .
20 and 50 rather than equal to the commonly accepted value of S'”}‘fe it is known that everj V,V'T[h'n t_he human tissues the varl-
80. The variation in pp,ain(average= 301 Q - cm,SD = 13%) ability of the electrical resistivities is high. In fact, the tissues
and p...u(average= 12230 £2 - cm, SD = 18%) is decreased are inhomogeneous and anisotropic and, therefore, differences
by half, when compared with the results using the sphere model, in the measured resistivity accompanying variations in the
sr[;(t)vying ﬂll'att' the go”‘i,c“o“ {_?r geometryf ertrors fiszefse”“a' tt'ﬁ orientation of the cells in the tissue are to be expected. This is
obtain realistic estimations. However, a factor of 2.4 may sti : - : : i
exist between values Opsxuit/phenin Corresponding to diffeyrent Fhe casein, e.g., brain tissue |n'wh|'ch the measured regstwﬂy
subjects. Earlier results show the necessity of calibrating,,.;, IS different if transversal or longitudinal fibers are considered.
and p.un by measuring themin vivo for each subject, in orderto  Also, the resistivity of the tissues depends on factors such as
decrease errors associated with the electroencephalogram inversethe water content, which might generate a change in the resis-
problem. We show that the proposed method is suited to this goal. tjvity during measurement. Physiological processes might also

Index Terms—Electric impedance tomography (EIT), electrical induce changes in the electrical resistivity of tissues. Finally,
resistivities, electroencephalogram inverse problem (EEG IP), re- true intersubject variations [2] in the measured conductivity are
alistic models. to be expected due to the natural variation of the tissues from
individual to individual. As a consequence, the values presented
in literature for the electrical resistivities show a wide range of
variation and there might be a factor of 7 between the minimum
T HE INVERSE problem (IP) of electroencephalogramynd maximum resisitivity values reported for a certain tissue

(EEG) aims to determine the sources inside the braii7] In the past years, several studies have been performed to
that best explain the electrical potentials measured on #¢ to estimatein vivo the electrical resistivities of the head
surface of the scalp [4]. The determination of the sourcestjgsyes ([18]-[21]). In particular, Oostendoep al. [18] used
made through the use of mathematical models ([5]-{8]) whi¢Re boundary element method (BEM) to estimate the equivalent
describe the head as an electrical conductor. In this way, #@ctrical resistivities of brain, skull, and scalp. However, since
knOWledge of the electrical resistivities of the tissues of thﬂe numerical accuracy of the BEM is h|gh|y dependent on the

skull-to-brain resistivity ratio, as well as on the way the nodes

) ) i are distributed among the several compartments [22], the use
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conditions yielding the lowest possible BEM numerical erro
for EIT. Furthermore, the mathematical problem of using th Jo
BEM for many combinations of electrical resistivities, althougt
using the same geometry is analyzed and optimized using t

Sherman—Morrison—Woodbury formula. /

Il. METHODS //

A. The EIT Method /
The application of the EIT method to compute equivaler

electrical resistivities using spherical models for the head h \\

already been demonstrated in [2] and [3]. In this paper, the sai
method is applied using realistic models for the head. Howewv¢
when dealing with the IP of EIT, the adjustment of the con
ductivities in each iterative step implies that the system matr
must be recomputed, contrary to what happens in the case of
EEG IP where only the right-hand side varies. In computation
terms, this becomes extremely time consuming. To overcor
this problem, the Sherman—Morrison—Woodbury formula [23
is used to avoid the bulk recomputation of the system matrix in
each iterative step.

1) The Forward Problem Calculation Using BEMn the
BEM formulation [5], [7], [24], [25], the volume conductor is
described by a set of homogeneous, isotropic, and noninter-
secting compartments of arbitrary shape, each one characterized
by a certain electrical conductivity. It is considered that there
are no sources inside the volume and the electrical current en-
ters or leaves the conductor only through electrodes placed on
the outer surface. In this study, the volume conductor consists
of three nested compartments representing, from outer to inner
compartment, scalp, skull, and brain [see Fig. 1(a)]. In this case,
the potential generated on a certain p@jnon the surface of the
conductor by an injected current densligi’) will be given by
the integral equation [26]

L
=0 S; So

opqz(f‘p):%Z(a;—aj)fq/(f)dwi—%j{wds

¥~ | Fig. 1.

(b)

(a) Schematic representation of the volume conductor used in the
BEM formulation for EIT. It is composed of three isotropic and homogeneous

(1) compartments representing, respectively, from the outside to the inside, scalp
where (So), skull (S1), and brain(S-). Each compartment is characterized by an

op, isthe conductivity of the outer compartment;
o;  isthe inner conductivity of compartment

o is the outer conductivity of compartmeint

S;  isthe surface delimiting compartmeint

no is the normal to surfac§y;

dw; is the solid angle of the elemental surfat®; as seen

from r,. where
N,

Furthermore, the BEM approach assumes the discretizatiomgnk

of the surfaces into a set of triangles whose vertices are the nodes
of the surface. When the potential is linearly interpolated over
triangles, the potential measured on a certain ricafesurface

S, IS written as
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O'm\I},L- = E};

1
(0; - 02’) QZ"\P;‘

Ny

~
|H||
o

(Tindn1 —Liadn,2) (2

>~

™

T';1 andl;s

inner (o ~) and outer{o ™) conductivity. Current/, is injected and extracted

on surface electrodes. (b) Schematic representation of the procedure used for
the computation of the current density. Given a triangle defined by vertices
¥;, ¥;+1, andr;, o, the current density is obtained from the computation of
the area correspondent to a shrunken version (black triangle) of the original
triangle defined by verticeg,, ¥, andys.

is the number of nodes of surfake

is the linearly weighted solid angle viewed from
r; on surfacen, of the direct neighboring trian-
gles of pointr; on surfacet [5];

are the integrals of1 /(| — r,|)) over the sur-
face element S, respectively, associated to in-
jection electrode 1 and 2. Itis defined according
to [5] as (3) (shown at bottom of the next page)
wherey, ¥1, andy- are the corners of the injec-
tion electrode [see Fig. 1(b)] with respect to the
view pointX;, ; is the solid angle seen from
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point i with respect to the injection electrode, V,; isthe potential predicted on measuring electrodesair
and the integralsy are defined in [5]; and generated by injection electrode pair
Jnj is the current density at triangle j of surfag The forward problem of EIT must be solved in order to obtain
(j -1g); wherej = 1,2. The original triangle is shrunk the model potential ;.. This is accomplished through the so-
by a factor of 0.9 and the current density is callution of (4) in order to find¥. However, the adjustment of the
culated over the area of the new triangle [seelectrical conductivities implies the recomputation of the system
Fig. 1(b)] to avoid singularity problems on (3)matrix A and the solution of (4) for each one of the iterations,
when the view point is coincident with one ofwhich increases enormously the computational burden. In order
the three corners. to simplify this task, attention was focused on the simplifica-
After some manipulations, (2) can be written in matrix form aon of matrix A, containing the dependence on the electrical
conductivities. It can be shown (see Appendix A), making use

AV =TJ (4)  of matrices (A.2)—(A.10) and the identities in (A.13), that the
where system matrixA can be written as
A istheN x N system matrix containing the equation A =AA; + A, 9)
dependence on the electrical conductivitidsis the
total number of nodes of the three surfaces and ea\(/:vrqgre . . L
matrix element is defined as A isthe system matrix witlr, and the conductivity dif-
ferences set to unity;
sz;k -0 577]7k b (U; _ ‘7:) QT’J’%k (5) A; istheN x N diagonal matrix defined as
) m¥a 471' c c 1] )
_ N _ A, = diag(—oao,...,—00, (00 — 01),..., (00 — 01)
v i/saltS:S]Y x 1 column vector containing the potential (01— 02)s-.., (01 — 02)) (10)
I'  istheN x 2 matrix containing the integral3;;, where where V' = Ny + N1 + N; and each constant is,
j=1,2 respectively, repeatelly, N;, and N, times;
J  isthe2 x 1 column vector containing the current den- A2 IS theV x N diagonal matrix defined as
_ sity value_s. _ _ _ A, = diag(0,...,0,(200 — 1), ..., (200 — 01)
Since the solution of (4) is determined up to an arbitrary con- (301 — 203),. .., (301 — 202)) (11)

stant, the system matriX has to be deflated to obtain unique-

ness. In this paper, the deflated matiikis defined as where each constant s, respectively, repeatgdV, ,

and N, times.

M= A + ﬂ ©) The constantsVy, N;, and N, are the number of nodes of
N surfacesSy, S1, andS,, corresponding to scalp, skull, and brain
wheree is anN x 1 vector defined as and their sum equals the total number of nodleS he parame-
1 tersoy, o1, andos are, respectively, the inner conductivities of
1 scalp, skull, and brain.
The decomposition of matriA, as presented in (9), allows
€= 1 N. () the optimization of the computation & since the geomet-
: rical integrals are stored in memory, thus being computed only
1 once. Furthermore, the Sherman—Morrison—Woodbury formula

2) The IP Calculation Using BEM:The IP of EIT is solved €&" be appliedto (9) as follows. In the case that the soldioh

through the minimization of the cost function defined in [3] and 9&neral system of equatiokd¥ = b has already b(/een found,
assuming, as in previous studies ([2], [3], [18]), that.in = then the solution to thg new system of equauMSIl. =bis
found through the application of the Sherman—Morrison—Wood-

Oscalp . , .
bury formula if M’ can be written as
~ 2
Oskull 2o (Wi — Wik) L-1
COSt(CJ’brain7 5 ) = 2 (8) Ml -M U'VT 12
brain Zk,i (\I}Lk)2 + ; v ( )
where where
) runs over the number of measuring electrode pairs; u; andv; are arbitrary column vectors containing the
k runs over the number of injection electrode pairs; changes to matriMI;
¥, Is the potential measured by electrode pand gen- L is the rank of the update matrix oX;
erated by injection electrode pair M andM’ are invertible matrices.
— — — — — — — — — 2 — —
. = Yo (1 X §2)2 + (Jo X §1 + 51 X F2 + 2 X Fo) - 3opmo(Fr X Frr1)72 3)

I¥o X ¥1 + ¥1 X ¥2 + F2 x Yo
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The solution of the disturbed system of equati@#iss found vy isanN x 1 column vector defined as
from the original solution? through the formula [23]

i 1-— (0 - 0'0) i
V=¥-7 x (13) : No x 1
where 1= (0~ 09)
Z isanN x L matrix, the columns of which are vectors 1 1 (o0 —01)
z;, defined as the solutions to the set of equations Va= : Ny x1 (22)
Mz; = u; (14) 1 — (09— 01)
1-— (0'1 - 0'2)
yvherez ranges fromOtd. — 1; _ : Ny x 1.
x’ is the solution to the system of equations
L1 — (01— 02) ]
Bx =VT¥ (15) _ o
Apart fromAy, this formulation is equivalent to the formula-
given that tion of the Sherman—Morrison formula, as shown in (12).
B isanL x L matrix defined as At each of the iterations of the minimization procedure, the

change of matriM is of rank Ny + N, + 1. Furthermore, there
is an additional complication caused by the diagonal matgix

V  isanN x L matrix, the columns of which are vectoravhich also changes when the electrical conductivities are ad-
vi; justed. However, its computation is quite straightforward and its

1 is the L x L identity matrix. effect is to add a multiplication factor to the columns of matrix
We apply this formula to the deflated system mavik de- M. The application of the Sherman—Morrison formula requires
fined as in (6), and to the deflated system matrix with unit cofipe definition of matriced., V, andB.

B=1+VTZ (16)

ductivity differencesM defined as Z is the N x N1 matrix in which the columns are the
o 1 vectorsz; and whereV;, = N; + N, + 1. Vectorsz; are
M=A+ NeeT a7 the solutions to the equations

wheree is the vector defined in (6). MA1z; = (23)

In order to apply (12), (9) is rewritten in terms of the deflated

. where0 < i < Npp anduy = uy;
versions ofA andA as = 12 N1+N2 d

V is the N x Nj» matrix in which the columns are the

M = (i\?{ _ ieeT> Al —|—A2 + ieeT VeCt.OI'.SVZ', WhereO. < L < Nio anvaHNz = V4. The
N N explicit form of V is given by
—~ 1
=MA; + —eeT(I—-Ay) +As (18) v =
N - ) . 1-(0—ag) -
whereA; andA, are defined as in (10) and (11), respectively. . . N No X Nio
Manipulating (18), one arrives at : C1-(0—0y)
N Ny Na—1 CLt i VRN
M = MA; + uqvy + uKvy 19 N
1+ uavy kZ_o KV (19) Ny x Nug
- Co - . 1=(o0—01)
where s TR . C ...... . '1;(&—]1\7—'0;) .
u,  isanh x 1 column vector with it§ Ny + k)" element ! : v
equal to 1 and the other elements are 0; : : : N3 X N1z
vk isanN x 1 column vector where th@V, + k)" ele- L : Cy 1_(";,_"2) i
ment is equal t@, and the other elements are 0 (24)
[0 ] whereCy = (20’0 — 0'1) andC1 = (301 — 20’2);
: B is the Ni» x N matrix defined as
0 _ T
vi = | Br | H(No + k)" element (20) B=1+V'Z (25)
0
: The explicit form ofB is given by (26) and (27) at bottom
0 of the next page angl ;, is thekth component of the vector
where - z; as defined previously.
4 = %290 — o1, 0<k<N, 1) The vectoral’ andz’ are found from the following equations:
k= 301_202, N1§k<N1+N2 MAl‘I’I:FJ (28)

u? = e; Bz =VTV¥. (29)
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Afterwards, the solutionl to (4) is found by the following of the EIT method, since it increased BEMs numerical accu-
expression: racy (see Section V). The total number of points used in the

discretization of the three surfaces was set approximately equal
U=V —7Zx (30) to 3000.

where®’ is the solution to the undisturbed system.

The advantage of the application of the Sherman—Morrison ) )
formula is to reduce the size of the matrix to be inverted with | 1€ Same data as in [2] were used in the present study. The

the consequent saving of computation time. In fact, from ﬂqéata acquisition from six normal subjects was performed using
initial situation implying the bulk recomputation and inversiortnhe Omega MEG/EEG system (CTF_ _Systems Inc.f Vancouver,
of matrix M, which is N x N, we are left with the computa- BC, Canada), with 64 electrodes positioned according to the ex-
tion and inversion of matriB, which is Ny» x Ny». The sim- tended 10-20 system. Electrode positions were determined ac-
ulations regarding the minimization of the numerical error ag_ordlng to the method described in [28]. Current was injected on

sociated to the EIT BEM model showed that, for a given totgipairofelectrodes while measuring the potential distribution on
number of discretization points, the optimal condition is attainéae remaining sensors, t,h's pfocedure .bgmg. repeated for sgveral
when more than 50% of the points are allocated to the skin (JBECtioN pairs. As explained in [2] the injection and extracting

Section IV). Thus, in this situation an effective reduction in th§€Ctrodes were positioned with a maximum separation in be-

computation time is obtained by the application of the Sherma[fY¢€n them, and the reference electrode located approximately

Morrison formula. In these circumstances, the computation tif@/\way between injection and extracting electrodes. Further-

on a Pentium PC with a 200-MHz CPU and 128 MB of RAMNOTE, the injection—extraction electrode pairs were chosen to
was approximately equal to 3 h. cover the entire perimeter of the head and their number varied

between seven and ten.

B. The Head Model The current generator was fed with a sipusoidal sig'nal of

i ) 60 Hz and 10 V pp and produced an electric current with the

The head was glescrlbed using a set of three nested comp&tise frequency and wave shape, having an intensity @0

ments, representing, respectively, the scalp, the skull, and {3t mean square. Data were acquired at a rate of 1250 Hz,
brain. The shape of the compartments was derived from &4 on-line high and low-pass filters at 0.16 and 300 Hz,
segmentation of brain, skull, and scalp obtained from the MRlgsnectively. Epochs of 105 s were recorded for each injection
scans of gach pgtlent. For five of the subjects, the segmentaélﬂﬁ, each epoch consisting of 32 trials of 3.28 s, recorded
Was_obtalned using th_e automatic method _descrlbed in [2_7]. iR'sequence. Data preprocessing was performed according to
Subject 5, segmentation was obtained using Curry Version %Bnendix B. To reduce bias in the estimated conductivities, it
(Neuroscan, El Paso, TX), since the results obtained with thg,s gecided to calibrate the EEG amplifiers with respect to a
aforementioned method were not entirely satisfactory in whadterence channel, just before each experiment. For that pur-
regards the shape of the brain, skull, and scalp compartment§ase | the same signal was fed to all channels and the resulting

well as the skull thickness. potentialsV;; were used to compute relative calibration factors
The point distribution among the three surfaces depends 90 +gliows:

the conditions yielding the lowest numerical error associated
with the BEM model. This corresponds to allocate 60% of the

I1l. DATA ACQUISITION

N,
_ ijo Vo Vi

points to the scalp, 30% of the points to the skull, and 10% of Ci ZNF (Vo_)z (31)
the points to the brain (see Section 1V). A local refinement of J=00T
the grid was applied around the injection electrodes, in the cagkere
[ (200 — 01)z0,n, + 1 (200 — 01)ZN 4 N5 N, ]
(200 — 01)Z0,Ng N, -1 (200 = 01)ZN, +-Ns,No+N; —1
B = | (301 —202)zo,Ny+N, (301 — 202)ZN, 4 N2, No N, (26)
(301 — 209)20,N—1 (301 — 2092)ZN, + N, N—1
L Qg 1+ an+n5 i
where
No—1 No+N1—1 N-1
1—(0—00) 1—(00—01) 1—(01—02)
az—z( & )+ 3 (T st Y (A=) @7
k=0 k=Ny k=No+N,
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i is the channel index; particularly important if it is considered that the latter point dis-
j is the time sample index; tributions, assuming that the total number of points is approx-
Ng is the total number of samples; imately equally distributed among the three compartments, are
Vi;j s the signal measured on chanigime samplej; often used in BEM computations. The fact that the minimiza-
Vo;  is the signal measured on the channel used as calibtian of A implies that most points are allocated to the scalp and
tion reference, at time sampfe skull agrees with the fact that more points have to be taken into
account in the areas where the potential gradients are steeper
V. RESULTS (scalp in the case of the EIT) in order to obtain a good numer-

ical accuracy. The effect of performing a local refinement of the
grid of points was also investigated in a series of simulations
In order to study the accuracy of the BEM model, severalhere only the optimal point distribution, as obtained from the
simulations were performed where the results obtained by theevious simulations, was considered. The local refinement of
analytic spherical model were compared with the BEM resulte grid was applied around the injection electrodes and several
obtained using triangulated spheres derived from the analWwalues for the refinement distance (triangles within refinement
spherical model. The goal was to find the best distribution @dfistance from the refinement centre were subdivided in four sub-
surface points for a certain constant value of the total numbertafingles) were tested. The total number of points was again kept
points. An error quantity was defined as approximately equal to 1600. The results for the best situation
9 in terms of error behavior are shown in Fig. 2(bY\{th refine-
Zij (‘I’%NA - /\‘I’%EM) ment curve) and the results corresponding to the case where

A. Numerical Accuracy of the BEM Model

A= o (\I,ANA)2 (32) no refinement is applied Without refinemeritcurve) are also
RO shown for comparison. According to the results, the application
where of local refinement both decreases the error amplitude and im-
1 runs over the number of current injection electrodproves the shape of the error function by flattening it. Therefore,
pairs; it should be used in the computation@Qf.i1/ pbrains Pbrain, @nd

) runs over the number of measuring electrode pairsp,,; in order to avoid biased estimations of these parameters.

\IJ;‘}NA is the potential computed according to the analytiThe results regarding the variation of the refinement distance,
model [3] generated by current injection paion keeping the total number of points constant, showed that if the
measuring electrode pajr refinement distance is too small (e.g., 0.5 cm) then the improve-

UPEM is the potential computed according to the BEMnent in error behavior is small. This is due to the fact that in
model, generated by current injection pairon order to keep the total number of points constant, the meshes

measuring electrode pajr have to be coarsened in the regions away from the refinement
A is a multiplication factor computed in order to mini-area. If the latter is too small, then it is the effect of coarsening
mize (32) and it is defined as the meshes that determines the error behavior.

S GANABEM The_ results of the behavior af, with \ set to 1 (thus_ ac-
ij —ij i (33) counting for the total error), showed that the optimal situation
> (\1/1.3].EM)2 is also obtained fofsc = 60%, fsk = 30%, andfb = 10%.
Therefore, this distribution not only minimizes the error asso-
The goal of the\ parameter is to eliminate the global scalingiated to the resistivity ratio but also the error associated to the
error. In the EIT IP, this type of error only influences the absolugbsolute resistivity values. _ .
values of the resistivities but not the resistivity ratio. In the EEG The results obtained using curved triangles were similar to
IP, it would only influence the source strength. the ones shown here. Since the use of this type of surface inter-
The fraction of points allocated to the brain (fb), skull (fsk)polation implies the increase in the computation time, it was not
and scalp (fsc) was varied, while the total number of poing®nsidered worthwhile to use it in the resistivity estimations.
was kept approximately equal to 1600. The results shown here o o
were obtained using flat triangles and linear interpolation for thd Resistivity Estimation

potential [5]. For each subject, the equivalent electrical resistivities were
The behavior of the error is represented in Fig. 2(a). The ogomputed using the EIT method. Local refinement was applied
timal situation is characterized tiyc = 60%, fsk = 30%, and  around the injection electrodes and the refinement distance is
fb = 10%, where the optimal situation is considered to be th@yried in such a way that the total number of points used in the
one that corresponds to the lowest error as well as to the flglep model (approximately 3000 points) is comparable among
test error function, the latter very important to avoid biased es§igpjects. The obtained results are presented in Table | and
Mations Ofpsiull/ Pbrain, Pbrain, @NApsiun. Several other situa- the behavior of the cost functions is represented in Fig. 3. In
tions are also plotted for comparison. In particular, it can be seggp|e 11, the average values and the relative standard deviations
that the error behavior in the case of the optimal point distribéssociated tp,y.i1/ pbrain, Pbrain, aNdpsiun are presented. The
tion is better than in the case of the situations characterized fayative standard deviation is defined as
fsc = 40%, 30% andsk = 30%, 40%. In fact, for small ratios
the error is much better and for higher ratios it is only slightly (\/K)

worse, the overall behavior being less biased. This finding is SD(%) = —— x 100 (34)
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Plot of A as a function of the resistivity ratio
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Plot of A as a function of the resistivity ratio in the case of the optimal
point distribution
1.0 -
|
08 |
w —a— Without refinement
06
g
< 0.4 4 —g— With refinement
[
00 | , R .
0 20 40 60 80 100

pskulllp brain
(b)

Fig. 2. (a) Plot of the numerical erréx as a function op.i..11/ Purain - Several situations, characterized by different fractions of scalp (fsc) and skull (fsk) points,
are represented for comparison with the optimal situation (thick line). The latter is obtairfed fer60% andfsk = 30%. The first number in the legend is the
total number of points used in the BEM model. (b) Plot of the numerical €Xras a function opixun /purain for the case where no local refinement is applied
(Without refinementand for the case where it is appliedith refinement The total number of points used in the BEM model in the two situations is, respectively,
equal to 1577 and 1554. The fraction of points in scalp, skull, and brain is, respectively, equal to 60%, 30%, and 10% and the refinement distaonc2ésrequa

where of values of pgcun/porain. The cost function of Subject 6
Zle(zi -7)2 is characterized by a steeper and slightly lower minimum.
A= ’ - (35) In Table I, it is seen that for Subjects 1 to 5 the values

0 of pskull/pbrainy Pbrain and Pskull @r€é very similar and! in
In (35),z can be identified Witsxun / Pbrain, Pbrain, OF pskun Particular, the variability in the resistivity of the skull is
ands runs over the number of subjects. small. The results regarding Subject 6 differ slightly from
In Fig. 4, a scatterplot op..1 @gainstpy,.in iS presented those obtained for the other subjects such that the values
containing data from the six subjects. The same scatterplot @oncerning psxui/pbrain @Nd psun are slightly lower. The
tained using the spherical model [2] is represented in the saoteservation of Fig. 4 allows the comparison between the
graph for comparison. variability in the values ofpy.in and pgunn for spherical
Fig. 3 shows that for five of the subjects, the minima of thE2] and realistic models. It can be seen that there is a clear
cost functions are approximately located in the same rangend of decrease in the variation (ratio between maximum



GONCALVESet al: IN VIVOMEASUREMENT OF THE BRAIN AND SKULL RESISTIVITIES USING AN EIT-BASED METHOD 761

TABLE | TABLE 1l
RESISTIVITY ESTIMATIONS OBTAINED WITH THE EIT METHOD USING AVERAGE VALUES OF psicull / Porains Pbrain, AND psicun COMPUTED FROM
REALISTIC MODELS. IN THE COLUMN SPECIFYING THE SUBJECTS THE RESULTS CORRESPONDENT TO THESIX SUBJECTS IN ADDITION,
THE INFORMATION IN BETWEEN BRACKETS GIVES THE GENDER THE CORRESPONDENTRELATIVE STANDARD DEVIATION (SD) IS
(M—MALE, F—FEMALE) AND AGE OF THESUBJECTS ALSO COMPUTED. IT IS DEFINED AS SD(%) = (VA)/T x 100
WHEREA = (X0, (21 — 7)°)/5)
Subject Phrain pskull pskull/pbrain
Average SD (%)
(Q.cm) (Q.cm)
Pskull/Pbrain 42 27
1 333 11928 36 01 3
: rain (QQ.

£27y) prran (€2c)

2 292 12344 ) pskut (Q.cm) 12230 18
(m, 41y)

3 292 14217 49
(£ 34) also on then vivodetermination of the electrical resistivities of

4 311 13598 a4 brain and skull [18]—[21]. In this paper, we show that with this
(m, 40'y) ElT-based method it is possible to do timevivo computation

5 234 13174 56 of theequivalentvalues ofpskun/ Pbrain, Pskulls @NAPhrain iNdi-
(m, 27 y) vidually for each subject using realistic models for the head. In

6 346 8119 23 this context, the equivalent values are those that minimize the
(£,25y) systematic errors of the EEG IP [3] and may not be necessarily

coincident with the true ones.
The dependence of the BEM model accuracy on the point dis-

6.0 7 o tribution among surfaces and on the valuegs®fi/ porain 9€N-
" —auect1+  €rates highly biased estimations if the best conditions are not
337 _ used in the computations. According to the results regarding the
. TTSEER2 forward problem simulations, it was concluded that the situa-
o .« -—osuwecty tion yielding the best error behavior is obtained when most of
s 45 - o %Méﬁ_ﬁ_ﬂ,ﬁ,ﬁ_wﬁuw’“*‘““_ ) the points are allocated to the scalp (60%) and skull (30%). This
g et TSRS articular point distribution makes the use of the Sherman—Mor-
° 40 —auwiectss  Fison formula particularly efficient since the matrices that have
_ to be manipulated in the computations have their size decreased
—=—subject 6* . . . .
35 - by 60%, which means a decrease in the computation time by
more than a factor of 5. In addition, a local refinement of the
3.0 . . . : s point grid around the injection electrodes is also efficient in im-
0 20 a0 60 30 100 proving BEM accuracy.

O 1ot Phcain The results obtained fQ¥sun/porain Show that for the six
subjects the correspondent values are within the same range.
Fhig- 3h- Plot of thed EIT costffunC_tions for allhsgbiiegt& The Zymbmhgans However, even though the values are quite similar, there is still
that the corresponding cost functions were shifte: ownwards in order to p, e H H _
all cost functions in the same scale. The maximum applied shift-wé in é%me vanan_on to be taken into aCC_Ount' espeC|aIIy when the I_’e
the case of Subject 1. sults of Subjects 5 and 6 are considered. The effect of the bias
on the estimations of the resistivities is studied by comparing
e i vlues) o s when using resisic 1 ¢S obaned ity spprocnatey 000 ot i ose
models. Taking as an example the valuegf,1, in the case . 9 . paints PP
: L . . imately 2000. For most of the subjects, the deviations in the
of the spherical model the variation is even slightly higher

. . 0,
than a factor of 2. In the case of the realistic models, thvsalues Ofpsicutl/ Pbrain, Pbrain, @NApsicun do NOt exceed 10%,

variation decreases to a factor of 1.75 if Subject 6 is includeg 9 that the higher deviations are associated With/ porain
or to a factor of 1.19 if Subject 6 is not included. andpg.11. However, for Subject 3, the deviation in the results is

larger (25% deviation imskull/Pbrain)- IN Order to determine
whether the results obtained with approximately 3000 points
were still heavily influenced by the bias effect, further com-
The EEG IP is very dependent on the electrical properties pfitations were performed for this subject using approximately
the volume conductor. In particular, when dealing with BEMOOO points. The deviation in the results decreased to approxi-
models (where only the equivalent electric resistivities of eachately 4%. The increase in the total number of points used in
compartment need to be considered) the valug.fii/pbrain  the BEM model beyond 3000 implies a considerable increase in
is very important in determining the final solution [12]. Sevthe computation time and does not carry significant additional
eral recent studies [29], [30] have been focused on the effectprécision to the results. On the other hand, the observed bias can
correctly modeling the skull resistivity on source location andlso be partially explained not only by the errors associated to

V. DISCUSSION ANDCONCLUSION
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Plot of the resistivity of the skull as a function of the resistivity of the
brain
35000 -
30000 °
25000 o spherical
20000 ° m realistic

15000 | © o

Pskun (€2 .cm)

10000 -

5000

\

|

200 250 300 350 400 450
pbrain(Q'cm)

Fig. 4. Plot of the resistivity of the skull as a function of the resistivity of the brain, obtained with the EIT method using both spherical amdmealés.
The results with the spherical model were obtained using the same relative skull thickness for all subjects, as presented in [2].

the BEM model but also due to slight geometry changes whease of spherical models, then the estimated resistivity values
the total number of points is changed. The change in the sizasl the resistivity ratio will tend to compensate for them and,
of the meshes associated with the three compartments may gherefore, may be quite far from the realistic values, thus in-
erate slight variations in the skull thickness which in turn, due treasing the differences among subjects. Then it should be con-
the compensation ability of this EIT method [3], generate sliglstuded that the correction of the head geometry, both in terms
variations in the values Qfsuii/ Pbrains Pbrain, @Ndpsiun. The  of shape and skull thickness, is very important to compute re-
latter values, as concluded in [3], are those that best compensdisgtic values 0fgiuii/ Pbrains Pskull, @NAPbrain. HOWeVer, even
for geometrical variations in the head model. Therefore, takitigough the use of realistic models significantly decreased the
into account the goal of this study, which is to deternegeiva- variability in resistivity values and in the resistivity ratio, some
lentvalues Ofpskun/ Porains Pbrains @NApsiun, it was considered variation remains to be accounted for (see Table I1), in particular
that using 3000 points in the BEM model constituted a goaghen the results regarding Subjects 5 and 6 are considered (see
choice in terms of tradeoff between computation time and préable I). For these subjects, a factor of 2.4 exists between the
cision required in the estimations. corresponding values @11/ phrain beING that the largest dif-
When compared with the results presented by Oostenddepence is associated to the resistivity of the skull. Considering
et al. [18], who was the first to apply EIT to the estimatiorthe complex structure of the skull [31], [32], the existence of
of equivalent electrical resistivities using BEM, the values ofariations in the skull resistivity among subjects due to natural
pskull/ Porain Presented in this paper are higher and only theauses is not unexpected. Such differences should not be disre-
value correspondent to Subject 6 falls within the same ranggmrded, especially when dealing with the EEG IP [30]. We hope
Several factors can explain the difference in the results. Orityincrease the number of subjects in the future in order to con-
two subjects were studied in [18] and it may be that they afiem this trend. For that, we will need a specific measurement
characterized by a lower skull-to-brain resistivity ratio, as it isystem which is not yet available.
the case of Subject 6 presented in this paper. In addition, thdn [2], a comparison between EIT and the combined analysis
results in [18] were computed from data of only two injecef MEG/EEG data [20], [33], [34] was made for spherical
tion pairs whereas in the present study several injection elegedels. In the course of the study that led to the present
trodes were chosen in order to cover the whole perimeter of thaper, an attempt was made to do the same comparison using
head. This generates a different sensitivity of the method towashlistic models. However, numerical complications made this
local variations in the skull thickness and geometry [31]. Finallgomparison impossible and, therefore, the results of such as
the BEM models used in [18] may be characterized by skulbmparison are not presented in this paper. However, it is
thicknesses that are too large, which would explain the lowienportant to discuss the sources of the numerical problems.
obtained values fopskui/ Pbrain- As for the case of EIT, a thorough study of the BEM accuracy
The comparison with the results obtained in [2] using spheras performed through a series of simulations with the EEG
ical models to describe the head indicates a clear trend of d@ward problem. It was found that even in the best conditions
crease in the variation @fxuin/ pbrain, Pskulls @NdpLrain @mong  (70% of the points allocated to the brain) the dependence of
subjects. In fact, the use of realistic models reduced the vahe systematic errors associated to BEM is much stronger
ation associated to these parameters by half. If considerathlan in the case of EIT, showing a clear bias toward lower
systematic errors are associated to the head model, like in #adues ofpsxun/porain- 1N addition, the amplitude of the error
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is larger. As a consequence, the minimum of the cost function
obtained using a triangulated spherical model shows a clea
shift toward lower ratios when compared with the minimum

given by the analytic spherical model. Even with the use of as
many as 4200 points in the BEM model, a difference of 14%

was found between the numerical and analytic minimum and, —(01—00)9?1{1071)1\10

therefore, a minimum of 5000 points should be considered in
the computations. The optimal point distribution in the EEG

case, where only 10% of the points are allocated to the scalpy —(02:01)98§-
01

makes the application of the Sherman—Morrison formula much

less efficient and increases enormously the computation time|

Therefore, our attempts to estimate the valueg.pfi/ pbrain:
Pskull, @Ndpprain USING the combined analysis of somatosensory

IES USING AN EIT-BASED METHOD 763

00
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:471'0'0 — UOQ(()]Q'O—I)(NO—I)' (A2|)
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evoked fields and somatosensory evoked potentials (SEF/SEP) AL —

are postponed until a faster computer or improved BEM
algorithms are available.

The results presented in this paper clearly show the feasibilityf
of the proposed EIT method to perfoiimvivo estimations of
Pskull/ Porain, Pskull, @Nd pprain USING realistic models for the
head. The results also show that the ratio between the resistivi
ties of skull and brain is more likely to be in the range of 20-50
rather than equal to the commonly accepted value of 80. An-
other important point is related to the fact that, even with head
geometry correction, there are still variations to be accounted
for, thus pointing to the necessity of calibrating the values of

_ 10 _ 10
o0§dN,0 UOQNO(Nofl)

: (A.5)

L _009%12‘0171)0
All —
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~002(Ny, 1N 1)
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(A.6)

11
. AN, —1)(Ny 1)
11 11

Pskull/ Phrain, Pskull, @NAPrrain DY Measuring thenn vivo for

each subject. We think that the proposed EIT method is not only

able to fulfil this goal but also has technical requirements usu-
ally available in any EEG laboratory.

APPENDIX A
SIMPLIFICATION OF THE SYSTEM MATRIX A

The explicit form of matrixA is given below in terms of the
submatricesA ¥/

AOO AOl A02
1
A= | A0 A1 | A2 (A1)
dm A20 [ A21 | A22
In (A.1) the submatrices are given as
[aff  afd al, ]
ag}
A% = (A.2)
00
0.0 00 00 a(NSO_I)NO
L3Np1  ANp2 AN (Ng—1) AN, No
where
af} =4moo — 500200; (A.2.a)
af = — 00S201; (A.2.b)
%, = = 0020y —1)i (A.2.c)
a3y = — o0240; (A.2.d)
AR 1Ny = — C0UR, —2)(No—1); (A.2.€)
3(111(:)1 = 009?12'0_1)0§ (A.2.1)
ao = — 002N, 115 (A.2.9)

aoNoo(l\'o—l) =~ 009?120—1)(%_2); (A.2.h)

\

11 1
LaN,1 AN, 2 AN, (N; 1) aN, N,

In the abovementioned equations and also (A.6.a)—(A.10.h)

(shown at the top of the next page), the symbols are defined as

are the inner conductivities of scalp,
skull, and brain, respectively;

00, 01, andog

Q,f?’]-’" is the solid angle as defined in (2);

Ny, N1, and N, are, respectively, the number of nodes
of surfacesSy, Si1, and S», corre-
sponding to scalp, skull, and brain;

No1 = Nog + N is the number of nodes of scalp and

skull;

N = Ny + Ny + Ny is the total number of nodes.

00 Nt oo Noth=1 01
AJJ =0y QJ]/ +(O’1 —0'0) Z ij/
J'=0,5"#3 j'=No
N—1
Hoa—o1) X QF, 0<j<N
J'=No+N1
11 Mot 1o Not o=t 1)
Ajj =0y Z QJJ/ + (0'1 — 0'0) Z QJJ’
j’'=0 Jj'=No,j’' #3
N—1
+(oz—0o1) X Q}?u No<j<No+M
J'=No+N1
22 Mot a0 Not =t o)
Ajj = 0o Z QJJ/ + (01 - UQ) Z QJJ/
=0 57=No
N-1 v .
+(o2 — 01) > Q]‘j’7 No+ Np <j<N.

§'=No+N1,j'#j (A.11)

Since the solid angleQ%* are ill-defined, the computation of
the diagonals of matriXA is done according to the procedure
described in [5]. Furthermore, the method used to determine the
diagonals of matrixA influences the form of matrices; and
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al1 =4ro1 — (01 — 00) O, N, ; (A.6.3)
aty = — (01 — 00)E (xo 1) (A.6.b)
a%11\11 =~ (01— 00)911\110(1\101 1)3 (A.6.c)
aji = — (01 — 50)UR, 41)N0 (A.6.d)
AN, —1)(N1=1) = = (01 = 00)UNg, —2)(No1 1) (A.6.€)
axy, =~ (01 — UO)Q(N01—1)N07 (A.6.1)
ANy, = = (01 = 00)QRy, 1y (Ne 41 (A6.9)
X (xy—1) = — (01 = 00)QX,, 1y (Nor 25 (A.6.h)
ax, N, =4mo1 — (01 = 00) Ny, 1) (Nor—1)- (A.6.1)
[ —(09 — 01)911\1201\101 —(o9 — Ul)Qil\'%,(N—n
A” = : : (A7)
| — (02 — 01)9%1%01_1)1\10 —(o9 — 01)9%§01_1)(N_1)
- —UOQ%OOIO _UOQQN?H(NO—l)
A% = : : (A8)
_009%1%—1)0 _‘709%1(\)1—1)(N0—1)
r —(o1 — 00)92N101N0 —(o1 — JO)QQN101<N01—1)
A% = : : (A.9)
—(o1 — Uo)ng_l)No —(o1 — )Q(N 1)(Nox—1)
'a%% a%% af%z
A* = (A.10)
aa%z*l)Nz
a§221 ai??(Ng—l) a’2N22N2 i
at; =dmoy — (09 — UI)QQN%HNOI; (A.10.3)
afy = — (02 — 01)% NOI(N01+1)7 (A.10.b)
a%ZNQ =— (02— ‘71) NOl(l\ 1) (A.10.c)
as; = — (02 — 1) 11)N0, (A.10.d)
A, 1N, = — (02 = 01)QR gy 1y (A.10.€)
ax, = — (02 = 01)QR _1ynoy (A.10.f)
ai? (N—1) = — (02 — Ul)Q(N 1)(N=2) (A.10.9)
X, =4mos — (02 — 1) QR _1y(n_1)- (A.10.h)

A2 in (9). Thus, its definition is given explicitly in the following The sums in (A.12) can be written in terms of the diagonals of
paragraphs:Since the solid angle subtended by a point outsiaitrix A, which is defined as matriX with o and the conduc-
or inside a surface equals, respectively, @oithe expressions tivity differences set to unity. The expressions in (A.12) are then

in (A.11) can be simplified to written as
(
Afj =00 OZ# Q. 0<ji<No AW = 5gA%, 0<j< N
o J J'#3 No+N;—1 I . A}; =09 + (0’1 - 0’0)(14;]1 — 1) = (200 — 0-1)
37 0'0+(Ul_0'0)j/=]\§jl¢j9jjn NO SJ <N0+N1 +(O’1 _ UO)A]JI7 NO SJ < NO +N1
A2 = gib(or—o1) S 0%, Ne+Ni<j<N. A=t (o2 A5 —2) = (301 —202)
" i=NotRn i +(o2 —o1)A5, No+ N1 <j<N

(A.12)

(A.13)
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APPENDIX B
DATA PREPROCESSING

The wave shape of the injected current is known since it
coincident with the wave shape of the signal feeding the curréh
generator. Since there is a linear relationship between injec
current and measured potential, it is possible to correlate tY\'
latter with the signal feeding the current generator through a
multiplication factor. This multiplication factor is taken as the
constant potential value to be used in the EIT analysis. This i
is developed, in mathematical terms, along the next lines.

The potential measured on chanrieat time samplgj is
written according to the model

(B.1)

_ adc
Vij = ViV + €45

where
Vij
samplej;
vf}dc is the potential feeding the current gener-
ator on time samplej normalized such that
2
(1/Nsamp1es) ZJ (V?dc) = 1a [1]
Nsamples 1S the number of time samples; 2
€ij is the noise contribution to the signal measured on
channeli;
v; is the amplitude of the potential value at electrode )
1 to be used in EIT analysis.
The computation of; is performed in a least squares sense
by solving the following equation: 4]
2
P (Z» (vij — vivade) ) 5
’ 1)y B2 O
(()V,L'
from which follows: (6]
adc
-V Vg
Vi = B (B3) 7]
\/Nsamplcs ZJ (Vglic)
wherev;; is the potential value measured on chanindgime (8]
samplej. 9]

The estimations of noise power are computed considering
the variations of the potential values computed for each triaﬂlO]
(vk) around the mea(w;). In this way, the estimations of noise
power N are obtained according to

N =3 (StDev,)?

[11]
(B.4)

[12]

k runs over the number of trials,
Ntrials;

where
StDeV,,; =

_\2
\/Zk (Vf - Vi) /NtriaISy
Vk

[13]

is the potential value for channel
i, trial k;

is the average of alt* values,
computed oveVy,i,1s-

The SNR is then defined accordingly as

>V
3, (StDev;)?
wheres runs over the total number of channels.

v [14]

[15]

SNR= (B.5)

[16]

765

Since the equivalent resistivities are assumed to be stationary
intime, the measure of the signal reproducibility of each channel
ig taken as criterion to classify good and bad channels and as
{nethod to quantify the reliability of the individual measure-

nts. To measure reproducibility, the normalized standard de-
gtion of each channél SDNorm;, is used

StDev;

-2
i Vi

SDNorm; (%) = x 100. (B.6)

d L . .
1el§|le criterion to reject a channel from the computations was set
atSDNorm > 0.5%. All the recorded EIT data was character-
ized by values of SNR higher than 100.
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