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Abstract. Electrical Impedance Tomography (EIT) is a technique engdoto image an object internal resistivity
distribution using electric current injection and voltageeasurements. Among other applications, it can be used as a
non-invasive medical imaging technique to obtain real timages of the lungs. Measured data is used as boundary
conditions to solve Laplace equations with finite elemerthottusing a mesh of the thorax. The image thus, is itself
a solution of an inverse problem, in which an iterative aitfun searches a resistivity distribution that minimizes
the difference between the solution of direct problem (g®en resistivity distribution and applied currents, cangp
nodal potentials) and measured potentials. Measured geltdrops are due to both internal and boundary contact
impedance. Since in clinical applications of EIT electregkén impedance is high, its contribution to measured \gdta

is significant and therefore it should be modeled. The tradétl approach to this problem is to model the electrode with
two hexahedrical elements whose dimensions are similalettirede dimensions. Proceeding this way, it is difficult to
refine the mesh close to them. In order to more accuratelyriteselectric potentials close to skin, a finite element
model of electrode contact impedance with tetrahedricaireints is presented. The approach describes the electrode
with any number of elements which allows modeling them witarent forms (circular, oblong, etc) within the desired
refinement. Different possibilities of electrode modellare discussed and one of them is implemented. An image of
resistivity distribution of the lungs is obtained with andheut the use of electrode model and comparisons are made.

Keywords:. electrical impedance tomography, finite element modelazimpedance, electrode, inverse problem
1. INTRODUCTION

Electrical Impedance Tomography (EIT) is a non-invasiwghteéque employed to estimate the internal resistivity
distribution within a subject or object. It uses an arraylet&odes attached to the boundary (or skin). The electrade
used to inject current and measure potentials in order t@sohon linear ill-posed inverse problem. EIT has both maddic
and industrial applications, such as monitoring lung fiore(Victorino et al, 2004), detect breast tumors (Bayf@@06),
obtain information on three-dimensional material disttibn within process vessels (Heikkinen et al, 2006), naritig
mixing processes, etc.

Contact impedance is high in clinical applications (RoseHl, 1988), because of an electrochemical effect. Electro
flow is converted into ion flow at the electrode-skin integfachich causes voltage drop at each electrode (Kolehmatnen e
al, 2008). Conversely, the ill-conditioned nature of EI'Blplem can produce large and wild oscillations in the estuat
resistivity distribution if small errors on voltages ar@gent. As a consequence, electrode effects should be madell

Although narrow (point) electrodes would simplify modejiprocess, wide electrodes are more suitable for EIT
applications because they can provide more uniform cudistribution inside the domaif. It has also lower contact
impedance since this property is inversely proportiongthtocontact area (Hua et al, 1993). Nevertheless curresttgien
distribution in wide electrodes has some particular chartics when compared to narrow electrodes: i) discagtn
effect (applied currents are null outside electrodesgdie effect (higher current densities occur at the edgdsatfedes,
(Holder, 2005); iii) shunt effect (part of the injected camt run near the boundary to the adjacent electrode whialcesd
current density at the interior of the body (Cheng et al, 298%heng et al. (1989) presented general field equations
that account for these three effects and demonstratedt thgtees with experimental data. Cheng’s model is known as
Complete Electrode Model (CEMhua et al. (1993) showed how to solve CEM with the Finite EBatrMethod for a
2D domain. In their approach they assume that each eleetkidenterface has a different resistivity and thus use 32
parameters to model their 32-electrode system.

The electrode model proposed by Hua et al. (1993) is modeidtwo quadrangular elements, and thus the local
conductivity matrix depends on three parameters: thickrigssdth a and interface resistivity. The term1/(pt) can
be put in evidence and is referred to as “electrode paraimateause both andp are unknown. An extension of Hua’s
model to 3D case with hexahedrical elements is straightdoand was made by Vauhkonen et al. (1999).

However, representing skin-electrode interface with dwnly elements per electrode limits both mesh discretization

1In finite element analysis the term “conductivity matrix” fime formulation of an electro-magnetic problem correspgoted“stiffness matrix” in
structural problem.
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and the description of electrode geometry. In this work veeual$s some alternative possibilities to describe an elgetr
with an arbitrary number of tetrahedrons. Proceeding tlaig, W is also possible to model electrodes with differembfs
(circular, oblong, etc) within the desired refinement. Ofi¢he methods is tested with human data from a volunteer
(Moura et al, 2009).

2. THEORETICAL BACKGROUND

It can be shown that, assuming simplifying hypotheses, ttertial¢(z, y, z) inside a domair is governed by the
generalized Laplace equation (Eq. 1).

V- (p7'Ve) =0 1)

If no electrode model is present, solving Eg. 1 requires §sggament boundary conditions described at Eq. 2, whése
the resistivity distributiong is the scalar potential distribution,is the outward unit normal of the bounda?$2 and.J; is
the current density atth node.
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As what is actually measured is total currdptand not current density;, the boundary conditions considered are
expressed at the two following Equations. Equation 3 exgg®shat at the area where the electrode is attached, the
integral of the conductivity times the gradient of elecpimtential normal to the surface is the total current measure
Where there is no electrode, no current go through the siréscshown at Eq. 4.
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What is known in the literature as Complete Electrode Modsldn additional equation (Eg. 5). It says that the measured
potentials at the electrodes is the potentiahside the domaiif2 plus a potential proportional to the contact impedance
z; times the current that goes throughit'9¢/on.

¢+zip’1? =V ©)
n

A forward finite element problem is solved and potentialsdbmodes are computed. The potentials referring to
electrodes are compared to measured potentials. If therelif€e between these two sets of potentials are above &iegeci
tolerance, an iterative algorithm is used, for instance tdavRaphson (Yorkey et al. 1987), to update the resistivity
each element of the mesh. This process continues until a&cgence criterion is reached.

3. THE TRADITIONAL ELECTRODE MODEL

Probably the most used electrode model by EIT communitygtie proposed by Hua et al (1993), shown in Fig. 1
where the solid line, the dashed line and the diagonal striggresent the electrode metallic part, electrode—skitaco
layer and inner body underneath the barrier layer, respaisti The interface is modelled by two rectangular eleraént
and Il, wheres is rectangle width and is rectangle thickness as shown at the right of Fig. 1. Thergiatls within the
elements are considered piece—wise linear. Imposing the patential to all nodes of metallic part (see Appendix)aHu
et al (1993) proposed the conductivity matrix shown at Eq. 6.
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Figure 1. Traditional electrode model proposed by Hua 1293

However it is convenient to estimate a single electroderpater defined byt. Hua et al. (1993) argued that, when
the elements of an electrode are large, a simplification eaméde, neglecting in Eq. 6. The resulting Equations 7
constitute what the authors call the Traditional Electribelel.
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4. METHODOLOGY
4.1 Mesh generation

The mesh of a human thorax section with 0.06 m thickness iwsho Figure 2. It has 2025 nodes and 8814
tetrahedrical elements and was generated by GMSH (Geuzath&emacle, 2009). There are 32 circles aligned at the
same plane of mesh boundary that represents the area wkezkethrodes are attached, each one having an average of
14 tetrahedral faces. The size of the tetrahedrons beheutretles is abouit/6 of the elements in the middle of the
domain. As the resistivity of elements belonging to eled#®change slowly in time, they can be calculated with aertai
periodicity. In the present work electrode resistivity ahidkness was kept constant.

(a) Example of finite element mesh representing a sectionuafam(b) Detail of the discretization of the electrode
thorax. region.

Figure 2. Mesh

4.2 Possibilities of a simplified electrode model

The equations 1 and 3-5 are general field equations and asa&leced the most accurate model for EIT (Somersalo
et al. 1992). One of the most suitable ways to numericallyestitese field equations for arbitrary geometry is using the
Finite Element Method. A complete demonstration of how tdrgm field equations to system of equations in order to
solve FEM direct problem is beyond the scope of this work aamdlze found at Hua et al. (1992) and Vauhkonen et al.
(1999).
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In this work, the authors would like to propose four differg@ossibilities to model the skin—electrode interface.
First—order basis functions are used to calculate its &saldocal conductivity matrix. The main difference betnehe
tradditional electrode model and the proposed models iotlranodels do not assume that < a on Eq. 6. Proceeding
this way,t? is not neglected and more refined meshes can be used.

Figure 2(b) shows an electrode modeled withtriangular elements. When applying boundary conditiorgs (&,
and no electrode model is present, it is necessary to chaessingle node where the current will be injected and another
node where all current will be drained, while all other nodes&2 should have null current. This approach causes an
underestimation of the resistivity distribution.

Model 1

Now suppose a local conductivity matrix of an electrode fednby four triangles is to be constructed. One of the
possibilities is to add an additional “virtual” node outsithe mesh and construct four additional tetrahedrons,@grsh
in Figure 3(a). The height of this virtual node is small (irctfaa fraction of a millimeter) because the potential drop
at the interface between skin and electrode is to be moddleis. model is not adequate because the metal part of the
electrode is not represented and the resistance from ghetiimj node to the skin varies within the electrode modehéf
current tries to go from injection node to the extremity af tectrode, it will face a resistance larger than if it goethe
direction perpendicular to the skin.

Model 2

Another possibility is to add a “virtual” node per triangseich that a new tetrahedron will be formed for each trianfjle o
the electrode, Figure 3(b). Four “virtual” nodes will be geaited. There are four tetrahedrons for the flow of curredt an
the non-uniform resistance problem noted/indel 1is reduced. How much current should be set to each ‘virtuadia?
To divide the total current per number of nodes is not adequdsdlder (2005) shows that current density distribution is
not uniform near the electrode. Since the difference of ks between aNirtual nodesand skin are not equal, it is no
longer correct to impose that the currents injected to tletu@l nodes” are the same.

)

(a) Model 1: Electrode with 4 tetrahedrons and a single tigaanode (b) Model 2: Electrode with 4 tetrahedrons and multiple étign nodes

Figure 3. Poor electrode models

Model 3

One form to improvéModel 2is to connect all virtual nodes with a infinitely conductingevas shown in Figure 4(a).
It imposes a constraint that all “virtual nodes” have the saftectric potential. And it is no longer necessary to make
conjectures about how much current should be set to eaclalirode.

Model 4

It may be sad thaVlodel 3does not represent correctly the “volume” of the electrddeact, what we are trying to
model is the effect of the electrode—skin interface, whiahk firtually no volume. In the same way as the metal part of
the electrode was modeledlitodel 3 it is possible to connect the virtual nodes by a conductimg.wAgain, all “virtual
nodes” will be set to have the same potential. The electr@flermed by pentahedrons as shown in Figure 4(b). As each
pentahedron can be formed by three tetrahedrons, no agalis@nificant effort is required to implement this model.

4.3 Setting node potentials

The proposed models consider that all “virtual nodes” haeesame potential. Considering Fig. 4(b), which has 12
nodes, the corresponding hyper—element conductivityimetitl have a size of 12x12. When the nodes of the upper
external face are connected by a perfectly conducting Wieehyper—element conductivity matrix is reduced to 7x7e Th
algebraic details of this transformation is described amAppendix.
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(a) Model 3: Electrode with 4 tetrahedrons (b) Model 4: Electrode with 4 pentahedrons each one forme@® by
tetrahedrons

Figure 4. Good electrode models (with short-circuited iplétinjection nodes)

5. RESULTS

The results where processed in a computer with two physitell Keon Dual Core 3.0 Ghz processors with 4.0 Gb of
RAM, running Fedora 10 Linux distribution. The algorith wastten in C programing language using Intel Math Kernel
Library (MKL) and compiled with GCC version 4.3.2. The ex&on time to obtain each image was about 30 minutes.
The following images represent tissue resistivity in gregis, obtained using a Newton-Raphson based algorithnh Eac
electrode is formed by 42 tetrahedrons, or 14 pentahedRessistivity is assumed constant inside each element. Linea
interpolation of resistivity at the center of the elemenéswsed to generate the following images.
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(a) Using electrode modetodel 4 (b) Not using electrode model
Figure 5. Estimated resistivity distribution of a humanrtho

Figure 5(a) shows the estimated resistivity distributida diuman thorax when the electroifdel 4is used. The
spinal column is at the bottom of the image. Lungs are reptedeby the dark areas. The ribcage, formed by the
surrounding lighter areas, is visible but appear with ostmeated width.

Figure 5(b) shows the estimated resistivity distributieing the same finite elements mesh when no electrode model
is used. The spinal column and the ribcage have resistviiger than in Figure 5(a). The lungs are represented by dark
regions. Both images are underestimating the values ofdtigssistivity, probably due to non-ideal hardware behavio
and inadequate mesh refinement.

6. DISCUSSION

The ribcage width seems overestimated taking into accoatbanical knowledge. The overestimation of the ribcage
width may suggest that an even more refined mesh should be Hegekver, increasing the mesh refinement causes an
increase in computational cost. The Random Access Memao®M(Rs totally occupied and the swap area in the hard
disk begins to be used, significantly increasing the contjmunal time. This fact prevented the use of a more refined
mesh.

The electrode models presented by Hua et al (1993) and Vaehnket al. (1999) depend on mesh refinement.
They are acceptable only if << a (see Fig. 1 and Eq. 6). As a consequence of the discontinattyden skin and
metal resistivities, the low degree of the interpolatiotypomials within the tetrahedrons and the high electriceptal
gradients near the skin/electrode interface, are nornmaitywell represented by course electrode models. One way to
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overcome this problem is to refine both domain and electrodshes. However if electrode mesh if finelly refined,
the assumption of << a is no longer valid and the simplification of the traditiontdetrode model (Eq. 7) becomes
innacurate. Therefore, Model 3 and 4 are potentially moceii@te because they can be more refined.

Furthermore since some of the electrodes for EIT nowad&ysamade by a metal plate, but a web of fine conducting
wires, Model 4 and 3 are better than the ones that asgure a because a more refined mesh can be used.

The results of Figure 5(b) and 5(a)

The difference between Figure 5(b) and 5(a) is that the reldetmodel of the second image better represents the low
resistivity of the metal. From the practical point of viehetuse oModel 4generates a more conductive electrode model.
As a consequence, the domain presents higher resistiaitgé closer agreement with the published data (Gabrié] et a
1996). The results suggest that more refined electrode mpdabperly representing the metal component could inereas
the accuracy of the estimated resistivities of the tissues.

7. APPENDIX

The relation between potentials and nodal currents, irnté-lBliements Method, is given B¢V = I, whereK is the
conductivity matrix,V is the nodal potentials vector adds the current vector in each node. To explain the algebraic
procedure to impose equal electric potential to severaégombnsider a simple conductivity matrix with size 3x3,tfar
sake of simplicity, shown at Egs. 8.

kayvr +kagyve +kazvs = L
kv +k@ove +kegvs = Ia (8)
k1yvr + ke oyve + k@ avs = I3

If we imposev, = v3 = v, with v unknown, Eq. 8 can be written as:

kayvi + (kaoy +kag)v = I
k(2,1)111 + (k(gg) + k(2,3))v = 12 (9)
]{?(371)’1}1 + (k/’(372) + k(g_’g))v = 13
Summing the second and third rows,
kv + (k(1,2) + K 3))v = I (10)
(k) + ks +  [(keo) +kes) + (ko) Fhss)lv = lo+ I3

is easy to see that Egs. 10 can be written in matrix form (Ey. Observe that now the conductivity matrix is a 2x2
matrix. In this way, the procedure to obtain the local coriditg matrices of an electrode was explained.

ka1 ka2 + ka3 ] : [ U1 ] - [ h ] (11)
k(2,1) + k(371) (k(272) —+ k(2,3) 4+ (k(372) + k(3,3)) v I+ I3
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