Dhaka Univ. J. Sci. 64(1): 7-13, 2016 (January)

Sensitivity Analysis of the Tetrapolar Electrical Impedance M easurement Systems Using
COMSOL Multiphysicsfor the non-uniform and I nhomogeneous M edium

. Onic Islam Shuvo and Md. Naimul Islam’
Department of Physics, Dhaka University, Dhaka-1000, Bangladesh.

(Received: 20 April 2015; Accepted: 15 November®201
Abstract

One of the major problems with Electrical Impedamoenography (EIT) is the lack of spatial sensifiwitithin the measured volume. In this
paper, sensitivity distribution of the tetrapolampedance measurement system was visualized cangjidecylindrical phantom consisting of
homogeneous and inhomogeneous medium. Previoesigitiwity distribution was analysed analyticallyly for the homogeneous medium
considering simple geometries and the distributieas found to be complék However, for the inhomogeneous volume conductors
sensitivity analysis needs to be done using firl@ment method (FEM). In this paper, the resultsedsitivity analysis based on finite
element method using COMSOL Multiphysics simulatsaftware are presented. A cylindrical non-unifoiminomogeneous phantom, which
mimics the human upper arm, was chosen to do tperiements by varying different parameters of irgeré\ successful method for
controlling the region of interest was found whéhne sensitivity was maximum. Refining the finiteerelent mesh size and introducing
multifrequency input current (up to 1 MHz) this silation method can be further improved.
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I. Introduction In this paper the simulation results conducted wett3D
model mimicking the anatomy of human upper hand is

Electrical Impedance Tomography (EIT) is a techaiqa presented.

visualize the spatial distribution of electricalncuictivity
inside an object. Electrical impedance measurenanthe
human body have been found a variety of application
clinical diagnosis and research including the mesasent
of physiological functiohy tissue characterisatibnand
imaging. In EIT, usually an alternating current of about
1mA is injected in one pair of electrodes and \ggtaare
measured from the other pairs. Current injectiorthisn
moved between another, commonly adjacent pair of
electrodes so that all electrode pairs are used (fil).
Several electrode configurations can be used in; EIT
however, they are all based on tetrapolar measursme
because of its ability to minimize the impact ofatodes’
contact impedance on the measurements. The tedrapol
electrode configuration has been used in a number o
research areas such as respiratory systeandiac systefm
cervical neoplasia, tissue characterizati@tc. However, Current flow lines sispiotantial lies
there is very little information available for ts®urces of
errors, when making tetrapolar impedance measursmen

The spatial sensitivity of tetrapolar impedance soeame- . - .
nts is complekhaving regions of negative sensitivity, which 'mposed across th? cote t hroqgh a pair of adjacent electrodes
. . 2! while the voltage distributiony is measured between each set of
may introduce large errors V\{hen mea_lsurlng the impeel neighbouring adjacent electrodes. After the voltagasurements
for any heterogeneous materials. Earlier, mucthefworks  5round the entire perimeter, the current driveteseles are rotated
on sensitivity analysis were done analytically bas® (o the neighbouring electrode pair and the voltages! electrodes
phantom experiments and simulation considering Emp are measured once again. This process continugshep56 sets
geometrielsz. of voltage data are obtained.

Fig. 1. 1. Diagram of a 16 electrode EIT system. Currdntis

The availability of COMSOL Multiphysics package hasll. Sensitivity Analysis
enabled us to get the numerical solution for a derp
geometries using finite element method. Throughtefin
element simulation we can obtain a large numbedai
within a certain range which is impossible to datotigh
experimental techniques. Our aim was to conduct
computer simulation study by COMSOL Multiphysics in
order to investigate the sensitivity distributions a
tetrapolar measurement system by applying the Geitel
lead field theor§, The purpose of the study was to gain
further understanding of the problems in EIT measwent.

Sensitivity can be defined as the fractional chamde
transfer impedance (ratio of the measured poteatidl the
applied current) with the change of conductivitwidte a
articular region. Considering the divergence thaorof
auss in an arbitrary closed bounded regi\gnwhose
boundary,Q is a piecewise smooth surface (fig. 2.1), the
relationship between the measured boundary voltages
the conductivity distribution within the regio¥ can be
calculated according to equation (2.1).
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Jo 0(Vp).ds= [, a(Vo.V{)dV

where,p andy are scalar potential functiords is the unit
vector directed outward normal to the boundary #me
volume integral is taken over the entire bounregion.

2.1)

Fig. 2. 1. Volume conductoV of conductivity 6, surrounded by
air, whereA,B are current electrode€,D are potential electrode
andg are the potential fields caused by andIys, respectively.

If the regionV is surrounded by an insulating boundQ
(fig. 2.1), the surface integral will be zero except at
electrodes’ site where current is passing into @umdof the
regionV and will be given by

Jy 0(W@).ds = Iy (Wa = Us) = IyWas (2.2)
where, [, is the drive current into the regicV through the
electrodesA and B. Similarly, when driving currenly, is
inserted through electrodes and D, the surface integr:
will be equal to l,pcp. Then, equation (2.1) can
rewritten as

loyWap = @cp = fV o(Vo.Vy)dv

The equation (2.3) follows the reciprocity theorefram
which the transfer impedancan be defined and calculat
using the equation (2.4).

2.3)

T = 9c _ Yap
z Iy Iy
It can be noticed in equation (2.4) that reciprpaipplies sc
that the drive and receive electrodes pair can
interchanged without changing the measured tral
impedanceT,. If the conductivity at an internal region
the volume conductor changes framto o,(= g, + Ag),
the potential fieldp will change fromp to ¢'(= ¢ + Ag).
Since the scalar potentiatemains unchanged, equati

(2.1) can be combined to give—

Jo 0@ —@)WY).ds = [, (01 — 02) (V. VP)dV  (2.5)
Considering volume conductdhe equation (2.5) becon
Ay (~ly) = = f, AolV(p + Ap). VyldV

Dividing each side by, I, equation (2.6) can be rewritt
to give the result obtained by Geselofjiguch a

(2.4)

(2.6)
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52 =200 [ oy, DI Vo +a9) 2V ]
2.7)

It should be noted that Geselowitz's theorem isyoralid
for a small change in conductivity within a s-infinite
homogeneous and isotropic volume conductor. Assgi
the volume conductor consists of a number of die
elements of uniform conductiv and for unit currentAZ is
then given by

AZ =—Ao [, [V($ +A¢). VY 1dV = —Ac.S (2.8)

whereVy is the potential gradient before the conducti
change occurred at poixty, zdue to passing of unit current
between the drive electroddsB andV (¢ + A¢)is the field
at this point after the change occurred due toctiga of
unit current between the receive electrcC, D (fig. 2.1).

Both potential gradient8¢ andV{s are the electrical fields
induced by current, at electrode:/A,B and by current, at

electrodesC,D respectively. It appears that there is
analytical solution of the sensitivilS, which is the scalar
product between two triple integrals for each cowmtkx, y
and z. A finite element model can be used to get
solutior?.

I11. Material and M ethods

In tetrapolar impedance measurement, it is intely
understood that not all small «volumes in the material
contribute equally to the measured impedance. Vek
between and close to the electrodes contributee than
volumes far away from the electrodes. Hence, afuais
choice of electrode’s size and placement enablefibdos
measurements on the desired part of the ma Using
finite element modelling, a plot of sensitivity af given
material can easilyebobserved, and this method provide
very valuable tool for the experimental design.
sensitivity of a small volumev within the biomaterial is a
measure of how much this volume contributes totthel
measured impedaritelf the resistivity varieswithin the
material, the local resistivity must be multipliedth the
sensitivity to give a measure of the volume’s cibuotiion to
the total measured impedance.

For the tetrapolar impedance measurement systeg
sensitivity is computed in the followi ways:

1. A current,| between the two drive electrodes is injec
and the current density; in each small volume element
the material is computed as a result of this cur

2. The same current is injected between the ret
electrodes and agathe resulting current densJ, in each
small volume element is compute

3. The vector dot product ¢J; and J, in each volume
element, divided by the current squared, is thaigeity of

the volume element and if it is multiplied with thesistivity

p in the volume, this volume’s contribution to thetatc
measured impedance B directly obtainec Hence, the
sensitivity,Swill be as follows
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s=11-J2 (3.1) Table3.1. Electrical properties of various types of tissue
2 in human upper hand measured at frequency 100 kHz'.
The equation (3.1) also demonstrates the recipnogalre

of the tetrapolar system under linear conditions the drive Tissue o(gm) £

and receive electrodes can be interchanged without gkin Dry 0.000045128 1119.2
changing the measured values. In this work, a dyiltal 3- Muscle 0.36185 8089.2
D model consisting of the skin-dry, muscle, fatage- Fat Average 0.024414 92.885
infiltrated, bone-cortical and bone-marrow tissagelrs was Infiltrated

built using COMSOL Multiphysics 4.3 (fig. 3.1). Tée Bone Cortical 0.020791 227 .64
layers were assumed to be the replica of humanrugpe Bone marrow  0.0033172 110.72
anatomy. The conductivity (S/m) and relative petirity Infiltrated

(¢) values of all these tissues were taken at 100 kHz

frequency from the literature (table 3:1) An alternating current of magnitude 1A was injected

through the drive electrode pair using the ‘electurrent

interface’ in ‘AC/DC module’ of COMSOL. The 3-D
sensitivity distribution of tetra polar measuremess then

computed using the Fred-Johan and Jan expré&sion

((ec.]; ec2.J, +ec.]yec2. ], +ec.]; ecZ.]z) +
(ec3.];ec4.]x + ec3.Jyecd. ], + ec3.]§ec4.]z))/

((1[AD"2) (3.2)

The distribution of sensitivity throughout the stture was
. ! determined in COMSOL by the finite element method
e (FEM) which was based on a set of partial diffent
(@) equations. However, the results were an approximate
solution that numerically represented the distrdoutof
sensitivity that would be considerably difficult fmbtain
° manually.

The graphical representation of sensitivity hadnbdene
e after performing mesh by finite element method (FEM
e MQI;E":?‘::?:;:""‘??W,..%?? : Hence our 3-_D cylir_ldrical mod_el had been sectioinm a
'f,v»##oﬁ,?,ﬁﬁsyj.?:@e,;;g number of simplistic geometric elements (e.g. gidar,
< g == tetrahedral, brick, hexahedral etc.). The collectiof
! = o elements provided a discrete approximation of thiega’'s
curves in a piecewise fashion. The number of elésnens
(b) finite and in turn each element had a set of knpWwysical
laws and finite parameters were applied to it. Hertbe
Fig. 3. 1. Showing (a) the cylindrical shaped phantom matenal p.rocess created a set of partial differential e'.quatt.hat ran
which conductivity is distributed non-uniformly siar to human simultaneously to solve the system. Here, in thiskuthe
upper hand with linearly positioned four electrodegresented as continuous medium were subdivided into a mesh of
circles (b) the 3-D cylindrical model has beeniseetd or meshed triangular elements inside which the conductivityasw
with triangular shaped geometrical elements. assumed constant and the electric potential vdiregrly.
The solid cylindrical model could easily be conedrto a  Triangular elements had been chosen for this wedabse
homogeneous media by considering all the layersnbgav of its simplicity and suitability for fitting the dundary of
same conductivity and relative permittivity values. different conductivity regions (fig. 3.1b). In thisethod, the

In COMSOL Multiphysics, the grey scale values were]cIeId pattgrn set up inside the arm and .currentsnix.enn
replaced with tissue types or organs. This proeesslled each region were analysed. This numencall technigas
segmentation. Here, the data were segmented iatonist ~ Used for both the homogenous and the inhomogeneous
important tissue types: muscle, blood, skin-dry, fione- ~media. From the current density, the sensitivityswa
cortical, and bone-marrow. After segmentation a 8dda computed for both the homogeneous and inhomogeneous
set were obtained where each voxel has a namemberu medium. The sensitivity distribution results for eth
that represented a tissue type. When segmentat@®m whomogeneous and inhomogeneous medium were compared
complete, electrodes were added on the surface gfith each other. In addition to this, the effectabfange of

cylindrical model in a linear fashion (fig. 3.1).h&  glectrode’s dimensions on the sensitivity distitos was
modelling work started with using electrodes having, s checked.

dimensions of 5mm radius and 5mm height.

s
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V. Results 90mm from the surface the sensitivity had faller®@8%6 of

) _ the maximum sensitivity at depth 1mm.
The simulation results of both the homogeneous and

inhomogeneous medium are presented separately. The maximum integrated sensitivity had occurred ptane

Homogenous conductivity of dgpth _ approximately 1/3 of drive-receive eled&o
spacing (fig. 4. 3).

The fig. 4.1 displays the sensitivity fields forrarylindrical

model of homogenous conductivity with an electrode

spacing of 50mm and for a depth of 10 and 60mm fiioen *7 _ o

surface. ol . Maximum sensitivity vs Depth

The sensitivity fields showed much localized aress ‘§ 25

positive sensitivity between the receive electrpaé and X

negative sensitivity between the drive and receieetrode ‘E ]

pairs at lower depth (fig. 4.1a). These regiongaositive B 15

sensitivity increased with the increase of deptiasnf the é ol |

surface. However, the magnitude of sensitivity dased = \

substantially with the increase of depths (decradmost ?Eé 51 N

25% of the maximum for a 5mm increase of depth). od " e e w mm

However, these regions of positive sensitivity teir ; : : : ; :
0 20 40 60 80 100

diminishing and negative sensitivity region became
dominant between the receive electrode pairs fghdi

depths down the surface (fig. 4.1b). Fig. 4. 2. Shows the change of maximum sensitivity with the
change of depth .

Depth (mm)
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Fig. 4. 3. Shows the change of mean sensitivity with the ghaof
depth considering drive-receive electrode spacfrigdom.

1500

The change of sensitivity with the change of etmbdr
dimensions had also been observed. To do thisdrive-
receive electrode spacing had been consideredram%hd
the sensitivity was observed at a fixed depth ahidb(the
depth at which maximum integrated sensitivity ocedr 1/3
of 50~ 15) by varying the diameter of the electrode.

=

¥ 105.53

b)
Fig. 4. 1. Sensitivity distributions of the tetrapolar measneat
in a uniform homogeneous conductive medium at ahdep(a)
10mm and (b) 60mm.

The fig. 4. 4 shows that sensitivity changes liheasith the
change of electrode dimensions.

The maximum sensitivity value on a plane had beamd
to decrease exponentially with depths (fig. 4.2) ahdepth,
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6100
Sensivity (homogeneous medium) vs electrode dimension
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Fig. 4. 5 displays the sensitivity fields of inhogemeous
medium with drive-receive electrode spacing of 50mm
and for a depth of 20mm and 60mm respectively.tkrer
inhomogeneous medium, with the increase of depih, t
positive sensitivity region increased between theeive
electrodes and the negative sensitivity region imeca
dominant between the drive-receive electrodes 4fi¢).

Again, fig. 4. 7 shows the change of integratedsiizity
with depth with drive-receive electrode separatiof
80mm. Here the integrated sensitivity over a plane
happens to be maximum at a depth of 40mm. Sohfor t
heterogeneous medium the maximum integrated or mean
sensitivity occurred at half (1/2) of the drive-eae
electrode spacing. The mean sensitivity is showe ke

to 100mm depth. At a depth above 140mm it hasrfalle

Fig. 4. 4. Shows the change of integrated sensitivity with the 99% of the maximum value.

change of electrode dimensions for the homogenemasum.
Heterogeneous conductivity

Here different cylinders represented differentuéesdayers
having different conductivity values. The sensitivi
distribution showed different results than those tbé
homogenous medium.
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Fig. 4. 5. Shows the sensitivity distribution of the tetrapola
measurement considering a non-uniform and inhonmemen
medium at a depth of (a) 15 and (b) 65mm.

The change of integrated sensitivity with depththwi
electrodes spacing of 50mm is shown in fig. 4. 6eT
integrated sensitivity over a plane is found maximat a
depth of 25mm.
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Fig. 4. 6. Maximum sensitivity shows at a depth of 25 mm, drive
receive spacing was 50 mm.
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Fig. 4. 7. Shows themaximum sensitivity at 40mm depth with
drive-receive electrode spacing 80 mm.
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To confirm the use of sensitivity as an indicatoi o V. Discussion
measurement depth, the tetrapolar configuration agssn
modelled with a range of electrode separation édriv
receive) and electrode dimensions (only diametes wa
changed and height was kept fixed).

The simulation result presented in this paper canded to
predict the positive and negative sensitivity regiavhich
are correlated with higher and lower impedanceoregif an
object. The previous analytical works on sensifigéhalysis
of homogeneous medium were done considering a simpl
25000 Integrated sensitivity vs Drive-receive separation geometry. The sensitivity distribution at a poinside a
. volume conductor was calculated by a programmeenrin
N N MATLAB using Geselowitz lead theorérh The previous
\ works found a mean sensitivity of zero at the sigfiayer, a
\ maximum average sensitivity at a plane one-thirdthef
150007 A\ electrode spacing and regions of negative sersitddwn
to half of the electrode spacitfy This work on sensitivity
10000 '\ calculation using finite element method (FEM) comid
N those finding for homogeneous medium. However,tffigr
5000 \-\ inhomogeneous medium the maximum average sengitivit
e was found on a plane at depth half the drive-receiv
e electrode spacing. Beyond the maximum plane, thanme
T - - o - o sensitivity falls more slowly in the inhomogeneauedium
Drive-receive separation (mm) than does in the homogenous medium. The FEM based
solution of sensitivity distribution of the tetrdpo
Fig. 4. 8. Integrated sensitivity vs. Drive-receive sepamatat a ~measurement of this work has also shown that thagg of
fixed 25mm depth (each electrode has diameter 1@manheight  sensitivity with electrode dimension give similagsults
Smm). both for the homogenous and inhomogeneous medium.

] ] o ) ) Cylindrical shaped electrodes having larger diamete
In fig. 4.8, the integrated sensitivity are showgaiast drive-  rovides better result in the sensitivity measunesie
receive electode spacing at 25mm depth. The inkdra

sensitivity decreases almost linearly for smalleived V1. Conclusion

receive separation, then it approaches towardsnata@t  The complex resistivity distributions of the bodgupled
value. In a plane the overall sensitivity decreaiiesto the it the complex sensitivity distribution of thetrapolar
increase of negative sensitivity region with driéeeive  measyrement techniques have the potential to peoduc
spacing. On the other hand, positive sensitivitgiaR nrealistic estimate of transfer impedance. Thesitieity
decreases with the increase of drive-receive sépara distributions obtained by finite element method NBE
In fig. 4.9, .the m_tegrated sensitivity is shownamg;t Fhe considering a complex shaped object having hetermes
electrode dimensions at a depth of 25mm and deveive  (isgue structure can be considered more realibtia the

spacing of 50mm. Interestingly, the change of 8§ revious works based on analytical method consigeri
for both the homogenous (fig. 4.4) and mhomogeeeousimme geometry done by Brown et'and Islam et 4.

medium (fig. 4.9) with the change of electrodeshdnsions Moreover, if the number of element and nodes areeased

shows similar behaviour. For the inhomogeneous umdi 1 5qvanced finite element mesh, more accurateltsesu

the sensitivity distribution also varies linearlyithv the  ~5.1d be obtained. In addition to this, multifreqag (up to

electrodes’ diameter. 1MHz) sensitivity analysis is necessary to studye th
complex nature of the human anatomy.

Integrated sensitivity
-

Sensitivity (inh jeneous medium) vs electrode dimensions
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