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Abstract. Internal conductivity distribution of a slice of the thorax can be determined by a reconstruction method that
projects values of voltages measured on the boundary into the domain, weighted by a function that depends on the
current applied in the boundary. In the classical model the projection path and the weigh function are defined by the
dipole model in homogeneous medium. However, because of the ill-posed nature of the problem objects loose focus,
collapse or have their maximal conductivity value reduced approximately by 16% when moved from a position near
the boundary to the centre of the domain. The goal of this work is to improve the quality of reconstructed images,
introducing two new weigh functions. One based on the exponential function and other on polynomial interpolation.
Both have their parameters modified in order to fit a pre-defined outline, that defines in advance the region of the
domain that must be improved. Tests were applied to two different experimental data. A circular tank filled with saline
solution, where one cylinder is introduced inside and other when two cylynders of different size and position are
introduced inside. Comparison between original and reconstructed images using these new weigh functions shows that
is possible to separate collapsed regions and also improve the value of maximal conductivity inside the domain, by an
appropriate definition of the outline .
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1. Electrical impedance tomography

During the evolution of a respiratory disease, kidgnamic at alveolar level can be monitored onfyabfew
numbers of X-ray or computerized tomography imagéde effects of radiation and difficulties in tsportation of the
patients are significant restrictions to these mégples. Non-invasive and portability aspects mustcbnsidered for
medical application.

Electrical impedance tomography is based on thetraak properties of materials. As different matdsi have
different electrical properties it is possible dentify the location of each one by calculatingrtikenductivity (Cheney,
Isaacson and Newell,1999). To obtain an image ofosed region® electrical currents are applied and voltages
measured in pairs of electrodes attached to thedaoy J2 and reconstruction algorithms developed to obta@n
internal conductivity for each point inside theimyg

ConsiderN electrodes positioned at the contour of the thamrak currents of 1 mA successively applied in pairs
electrodes. For each injection pair, voltages agasured in all the electrodes and an image, tipaésents a slice of
the thorax at an instant in the respiratory cyidepbtained after a complete set of measuremems.nedical
application, the advantages of this technique &ee rion invasive characteristic and portability. leoer these
advantages are counterbalanced with low resolatidhe images.

The image quality is limited by the number of indegent measurements, signal to noise ratio, skictrelée
contact impedance and error propagation in numleadgorithm. The central region of the domain isopyp
reconstructed because of the ill-posed nature efptioblem and also the difficulty of electrical mnts to reach this
region. Objects loose focus, collapse or have theimmeal value of conductivity reduced approximately16% if they
go from a position near the boundary to the cewitthe domain. Uniqueness of the solution is n@rgateed because
of the finite number of independent measuremeritdbiald be obtained at the boundary (Borcea, 2002).

The algorithm used to reconstruct the image inwhusk is the backprojection where the values otagés in the
boundary are projected trough the potential linefinéd by the dipole mode (Herman, 1980). The mfethe algorithm
is very simple and is represented by Fig. 1: dkadtcurrent of 1 mA is applied in a pair of elettese;-e, modeled as
two equal charges with opposite signals. The difolecated ind and potential and lines of currents are repredente
respectively, by the blue and green lines. Theliredis a potential that passes through a spepiiat x inside the
domain. In the classical implementation the pragecis weighted by a function proportional to tlmek of currents
(Santosa and Vogelius, 1990). The dipole locatica sgngular point so the weight function goes friafimity through
zero proportional to the inverse of the distadicix,d), wherex is a point inside the domain addhe dipole location.



Figure 1. Potential and lines of currents of thmobtk

The classical weight function is shown in Fig. 2 doe single pair of electrodes that defines theldig. The decay
of this weight function from infinity to zero is mefast, being effectively different from zero orily a ring near the
boundary. As the injection pair rotates the pragecin the central region is almost neglected. ®pposite occurs with
the region near the dipole. In this region the Wehps a high value — infinity — but the signahtise ratio in measured
values of voltages near the injection pair is dggh. So, with this weight function the informatioear the center is
neglected and the opposite occurs with points tieadipole, even being wrong.

Weight

Figure 2. Weight function for the classical baclgection

The goal of this work is to improve the quality etonstructed images, introducing new weigh funstisith the
intention to recover some lost information in teairal region. Two different functions are definede is based on the
exponential function and other on polynomial intdgtion.

In the next sections the classical and the newhtdignctions will be constructed and compared.

2. Weight functions

In the classical implementation of the backprofct{Barber and Brown, 1984) is assumed that ifdisteance of
the electrodes is small if compared with distanoéspoints inside the domaim2, the electrical field can be
approximated by the one generated by two chargesimke value and opposite signals. The mathematicdkims
given by Maxwell” s equation for a dipole in a hagjaneous medium located between the pair of elezstod

O4du=0, inQ

. (1)

y.a—lf:j, on oL,
on

where, y is the conductivity,u the voltage, | the applied electrical currenfithe normal vector,? and ¢,

respectively the domain and the boundary.
The calculation of the conductivity distributigrknowing the electrical current and the voltagethatboundary is
called inverse problem. An important remark is dkibe uniqueness of the solution. The voltage-tweru (Dirichlet-
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to-Neumann) map is unique only if the data at tleindlary is a continuous function (Calderon, 198%)r a
configuration of N electrodes, which is used instipaper, the adjacent configuration gives N(N-3M2ependent
measurements, taking into account the reciprotigotem and not considering the voltages measuraiving the
injection pair (Tang et al., 2002).

The model defined in Eqg.(1) is approximated by &dimmodel assuming that a small perturbaiprin the
conductivity distribution corresponds to a smalrtpebation du in the values of the boundary voltages. In this
formulation the reconstructed images representviingation of conductivity relative to a homogeneausdium
assumed to bg= 1 and the variatiody is null near the dipole to avoid the singulagffect. The domain is defined as
the unitary circle. Equation (2) represents thedinmodel and establishes a connection betwedmtiven solution of
the homogeneous and the perturbed problem.

0.(y(&)) = -0.(dy0u), inQ
y2 ) -5 onog, @
on on

Measuring the difference of voltagés at the boundary the variation of conductivdlyis calculated by Eq. (2).
Therefore, consideriny the total number of electrodes in the boundarygfich drive pair, backprojection algorithm
projects the boundary voltage perturbation throilnghpotential lines defined by the dipole. As therent is applied in
turn in all pairs of electrodes, the final imaga&isomposition oN back propagated information each one related ¢o on

dipole. With the introduction of these restrictivgpothesis the electric fiel& is derived by a potentiai
E=-0u (3)
beingu the superposition of two fields each one defingédch charge
u(x) = up(X)+u_(x) (4)
The potential is the first order Taylor approximatiaround a small parameter defined as the distagivecen the

charges, and the expansion is made in complexblasiaBeing X;, x,) the coordinates of a poirtinside the domain,
the potentiali is defined by

u(x) =U(x)+V(x) )
where
_ X1 _ X2
U(X)=——=— V(x)=—=%— | 6
(X) X:|_2+X22 (X) X:|_2+X22 ()

X=X, X =1- wx, w= (w ) is the dipole position angd”’= (-aw, w) .

The backprojection is implemented by the integral

B(X) = =2~ e W(Ua( ). 0)P( X, @), ™

1
2
where x 0 Q2 and the integral is calculated relative the digmisitionwand the functioW, is given by
o((S,w))

W(ug(x),0) = =5 ®)

or

where, AU is the potential variation between the perturbed geference medium andthe potential of the reference
medium (homogeneous).

2.1. Classical weight function



The functionV is the harmonic conjugate ttJ-in Q2 and
X=(x1,X2) - (-U.V) 9)

maps the unitary circle in the superior semi-plBrre{ V > %2} as shown in Fig. 3

172

Figure 3. Map of the unitary circle into the supegemi-plane.
The weight function® deduced by the classical formulation, for a dipwls given by
D(x,a)=N(xa)-1 (10)
2.2. New weight function

In this work we introduce new weight function inder to avoid the singularity near the dipole argbahclude
some information from the central region. Two typese defined and tested, one based on the expahiesethavior of
the original function®, and other®, constructed by polynomial interpolation.

The function@, depends on four parametersf, a andb.

=(a + px).exp(a+bx) (11)

The identification of the interval of variation each parameter was detected by experimental siomwlahd none
restriction were imposed to them in advance. Thaitmim and maximum values were defined observing the
degeneration of the reconstructed image. As a abimrage we use experimental data of one tankdfilléth saline
solution representing the homogeneous problem aodiifferent non-homogeneous problems, respectielynique
cylinder and two cylinders of different size wekssjtioned inside the tank.

The weight function®, is constructed based on a desired profile whiath@sen by an interactive interface shown
in Fig. 4. The potential lines still remain given by dipole model, but the distance between theleipnd the
boundary of a potential line was normalized by adeure the same weight at the same proportiosiaindie.
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Figure 4. Interactive interface to design the peadif the weight function
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The two columns in the left define the poi(fg, P,) where the interpolation will be done. In the uppelumn the
values ofP, that is chosen in the interval [0,1] and in thevdo one the positio, which defines a local weight. In
Fig.4 the profile is quite similar the classic ftino, but the interface gives total freedom to defany wanted path.

As in the case of the exponential weight functioe image degeneration is used to classify thenpohjal weight
function too. In next section some results werensho

3. Reaults

All the simulations used experimental data. The hgeneous data is obtained by a circular tank, witbn8 of
diameter, filled with saline solution. The non-horangous cases, cylinders of different sizes and eumkere
positioned inside the tank, filled with the saméduBon. The test images used in this work are gibgnFig. 5.
Normalizing the radius of the tank equal to 1, fheylinder test has radius 0.1 positioned at (6008) assuming
Cartesian coordinates in the centre of the cylindée 2-cylinder test the radius and position & tylinders are
defined as C1={0.1, (0.01, -0.75)} and C2 = {0.0®.0)}.

Figure 5. Reference images for the reconstructigorighm

3.1. Reconstructions using the weight function @,

Results obtained with the weight functign are affected by the linear terms in the senseathigtvalues off anda
near zero do not degenerate the image. So, thenpteesS anda, were defined equal to zero the image degenerates
and the weight function is given by

@ = a.exp(bx) 12}
For one cylinder case a classification of the netmcted image is defined in Tab. 1, for differesiues ofa andb,
following the notationP for well defined cylinder in the correct positidn,for degenerate imag€ for oscillatory

behavior inside the domai@®B oscillatory behavior in the boundary.

Table 1. Quality of reconstructed image for différparameters oo,
and one cylinder case, assumjfig a= 0.

b a -0.5 0.5 1.0 2.0
-2.5 D D D D
-1.25 P+O P+0O P+O P+O
-0.75 P+O P+0O P+O P+O
-0.625 P+O P+0O P+O P+O
-0.5 P+O P P+O P+O
-0.313 P+O P P+O P+O
-0.156 | P+OB P P+O P+O
-0.078 | P+OB P+0OB P P+O
-0.062 | P+OB P+0OB P+0OB P
0.156 P+0OB P+0OB P+0OB P+0OB
0.313 D D D D

Forb < -1.25 orb = 0.313 the image is degenerate independert. ofThe cylinder position is recovery with
oscillatory behavior inside or on the boundary lestwthese values, being the best images given-b9.5and-0.5 <
b < -0.156. Figure 6 shows the reconstructed imagehi@e different parameters @L. Fixing a = 0.5 the sequence
shows values ob = -1.25,b = -0.313 and = 0.156from the left to the right, respectively. For trense order the
values of the maximal amplitude for each image@00.188 and 0.109 showing that the best imageggonds to the



parametergr = 0.5andb =-0.313. A similar study was made with two cglms inside the domain. Table 2 shows the
result. The notation is the same, including thesd® for the second cylinder. The lower casesd@ndp represent,
respectively, small oscillation and amplitude af thaximal value for one of the cylinders.

Figure 6. Sequence of reconstructed images of gimaler inside the domain using..

Table 2. Quality of reconstructed image for différparameters of, - two cylinder case.

a 0.5 1.0 2.0
b

-2.5 PP+0 PP+o0 PP+0
-1.25 PP+0O PP PP
-0.625 Pp+0O Pp+o Pp+o
-0.313 Pp+0O Pp+0O Pp+O

-0.156 D D D
-0.078 D D D
0.313 D D D

From Tab.2 we conclude that better results arengtwe b= -1.25and 1.0 < a < 2.0. Figure 7 shows the
reconstructed image for two different parametershj, respectively, from the left to the right {1.0,.25} and {1.0,
0.313}. For the same order the absolute valuesafimmal amplitude for the cylinders are {0.138, Gpand {0.959,
0.014}, corresponding the second term for the ediotoject. From the 2D image is possible to ddteth cylinders but
is very difficult to recover information from thewter of the image.

Figure 7. Reconstructed images of two cylindergla¢he domain using..

3.2. Reconstructions using the weight function @,
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The free way to define the weight functi@® by the interpolating polynomial is an advantageaose of the
possibility to explore different profiles in verymgple way. The partition] of the interval [0,1] is composed by 6
points, not necessarily equally spaced. To be bles#ie comparison between different polynomiaésghrtition is the
same for all simulations ={0.001, 0.15, 0.35, 0.5, 0.75, 1.0}. In Fig.duf different interpolating functions from the
left to the right®,;, @, @3, By are showng,, is similar to the classical weight function buttliis case there is no
singularity at the dipole position and the decay lsa less abrupt.
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Figure 8. Four weight functions defined by polynahimnterpolating.

Fixing the partitiond Tab.3 shows two sets of interpolation points focheaveight function@ applied to
experimental data. The columns Position identifydéstre of the reconstructed cylinder, conducgsittolumns show
the maximal and minimal values reconstructed fandewtivity. Figure 9 shows the 8 corresponding nsticted
images. Except by the polynomial functiah,;, degeneration is almost observed in the otherilpsofind small
variations in the weights can produce the same disnage but significant changes in the valuesooiductivity.

Table 3. Classification of the image of one cylindeonstructed by the functio®,, @, @, B

Values ofP, Position conductivity| quality
Weight | Image| 0 D.001] 0.15] 0.35] 0. 0.75 1.0 x  y| Mak Min
)4 /4
1a 5] 3| 1|05 02| 043 016 05| 0016 0OLL P
Pra(P) 1b 100] 70 | 45| 30| 15| 10| 0.6 04| 0585 0417 p
2a 1] 4 | 10| 17| 30| 40| 02| -09| 03397 0288 PO
Pra(Pu) 2b 025] 05| 2| 4| 7| 10| - ~ | 0406 0005 D
3a 5| 15 | 30| 40| 25| 5| - ~ | 0546 0019 D
Pra(Pu) 3b 1] 3 | 8 | 10] 6| 1| 018 -06| 0132 0095 P
4a 10| 11 | 17| 35| 40| 10| - - | 0547 0392 D
Ppa(P) b 11 2 | 5| 8] 10| 1| 015 -068 018 0093 P

The weight®,, produces almost degenerate images, because thetugapproximately zero near the dipole where
the information is more accurate. If the imagedsdegenerate the centre of the reconstructedtoiges no significant
change for@,;, @, but for @, is observed a significant change in the positibhe maximal conductivity increases in
all these three cases even if the object is neacahtre of2 or when more than one object is inside the tank.

4, Conclusion

Two different weight functions were used in the lpolection method: one is based on the exponefuation
and other on polynomial interpolation. The studyoining the exponential weight shows that it istguilifficulty to
find a set of parameters able to improve the imBgst results were observed with the polynomiatfiam.

Different profiles were tested in the backprojeetmethod for a polynomial weight function. For €3, @y,
the value of maximal conductivity increases witholmanging the position of the object. Fgy maximal conductivity
increases but the position of the object is nonadied.

With the profile control of the weight function ssible to improve the maximal value of conduttiavoiding
regions near the dipole and adding the contributiointernal regions.
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Figure 9. Reconstruction of the sequedge, @, Bz, P
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