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Abstract: A noninvasive and radiation free technique forive measurement of the volume of organs
or fluids in the human body is necessary for maliyioal applications. Focused Impedance Method
(FIM) is a novel technique of electrical impedamueasurements which has enhanced sensitivity in a
localized region. FIM can sense the change in tearispedance of an organ within a reasonable depth
of the human body using surface electrodes, minngizontributions from its neighbouring regions.
This of course assumes that the impedance propeartithe embedded object are different from that of
its surrounding tissues. This paper presents a method for the determination of the volume of an
organ within body using dual electrode separatioha concentric 4-electrode FIM configuration. In
order to develop this formalism simulated FIM measients using surface electrodes on a cubic volume
conductor with embedded spherical objects wereopmed using a Finite Element (FE) based simulation
software, COMSOL Multiphysiés For the present methodology, the conductivitythe object with
respect to its surroundings and its depth needetdkrown. The former is obtainable through some
primary invasive or in vivo measurements while tater may be approximated using anatomy.
Experimental results on a phantom made up of accalnik filled with saline showed that the proposed
method can be used to determine the volume of eddukdbjects to an accuracy of about 5% which is
adequate for most physiological measurements. ®uhnique may also find use in geology,
oceanography and industry.
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1. INTRODUCTION

A measure of the volume of organs, masses or flwittsn the body is of great importance both for
evaluation and management of physiological diserdar the human body. For example,
determination of the thyroid gland volume is esisgor proper diagnosis and therapy [Tsuruta et al
1993, Hansen et al 1979]. Similarly, the volumeaoid secreted in the stomach [Hersey and Sachs
1995] needs to be measured for evaluation of gafirictionality [Ryle 1926, Howden and Hunt
1987]. Volumes of kidney, liver and prostate ardigative of several life threatening diseases
[Grantham et al 2006, Shoup et al 2003, Chen &888]. Progression of tumour within body can
also be monitored by determining its volume. Coradubmography and isotopic methods are in use
for estimation of in vivo organ volume [Geraghty &t2004, Tauxe et al 1982, Heymsfield et al
1979]. However, these methods involve radiationahdz Measurement of organ volume using
ultrasonography is known to be safe although tlesemce of intra-thoracic components may lead to
inaccurate results. Electrical impedance technidpaee drawn attention of scientists over many years
for physiological study and diagnosis as the hubadly is a volume conductor of electricity [Rigaud
et al 1995]. Since organs, fluids or tumours withady possess different conductivity compareddo it
surrounding tissues; electrical methods have thenpial to determine these volumes and the present
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work was taken up with this aim. Besides, non-inxg&gneasurements were targeted, using skin
surface electrodes.

Conventional tetra-polar (or four electrode) elieelrimpedance measurement (TPIM) is generally
used for measurements on the human body [LukaskiBamonchuk 1988] as this can eliminate the
contact potentials of the electrode-tissue interfachich are particularly high for skin surface
electrodes at low frequencies. Besides, the measunts are all performed using ac rather than dc to
avoid electrochemical potentials and possible ¢éissjury. In the TPIM arrangement, an alternating
current of constant amplitude is injected into &umwe conductor through a pair of surface electrodes
and the resulting voltage across another surfaagretle pair is measured. The ratio of the measured
voltage to the injected current gives the transfgzedance of the volume conductor for a particular
electrode configuration [Brown et al 2000]. Theeasttto which a change in conductivity of a point
within the volume conductor contributes to the nueed transfer impedance is defined as the
sensitivity of that point. One of the major disadtzayes of TPIM technique is its extended spatial
sensitivity distribution [Islam et al 2010] and tefore is not suitable for localized measurements.
Electrical Impedance Tomography (EIT) has shownpitmenise of conductivity imaging which may
be used to have localized information [Holder 20Hwever, the resolution that EIT can offer is
poor and dependent on number of electrodes. Moredkie effect of 3 dimension may give
erroneous image [Rabbani and Kabir 1991]. EIT iregumany electrodes making it complex from a
practical point of view.

Focused Impedance Method (FIM), an innovation afedended group at the University of Dhaka,
uses only a few electrodes to obtain a localizewitieity distribution. It can measure the change i
transfer impedance of a specified target zone wighvolume conductor minimizing the contribution
from its neighbors [(Rabbani et al 1999, Rabbaui ldaral 2008, Islam et al 2010, Kadir et al 2013,
Kadir et al 2015]. It has three versions using 8nél 4 electrodes. The basis of the FIM technique i
that the impedance of the region of interest issuesd along two mutually perpendicular directions
giving an enhanced sensitivity in the central ragiompared to its surroundings. In 4-electrode FIM,
electrodes are placed at the corners of a squgrenren the surface of a volume conductor. In the
first step, an alternating current is driven thioigo adjacent electrode pair (drive electrodes)evh
the potential is measured across the other paieifre electrodes). The ratio of measured voltage to
the injected current gives the transfer impedamcenie direction. Then a similar measurement is
performed in an orthogonal direction and the sunthete two transfer impedance values gives the
focused impedance (FZ). The FIM technique has @rdren applied successfully in the study of
gastric emptying [Rabbani et al 1999], lung vetithka [Kadir et al 2010], abdominal fat thickness
measurement [Surovy et al 2012], breast tumouracharization [Al Amin et al., 2014] and has
potential application in other in other areas [Rabland Kadir 2011]. A preliminary simulation study
has shown the potential of FIM in estimating théuwee of insulating objects embedded within a
volume conductor [Kadir et al 2013]. In the prassmdy, the efficacy of using 4-electrode FIM for
volume determination was investigated in detailsidering both conducting and resistive objects
located inside volume conductors. The study wafopeaed using finite element based simulations
which was then validated using phantom measurements

2. METHODS, OBSERVATION AND RESULTS

The AC/DC module of the finite element based soféen@omsol Multiphysics [Multiphysics 2012]
was used to simulate the impedance measuremedesagbed below. A cubic insulating tank with
0.3m sides and filled with saline of conductivity®/m was modeled as the volume conductor. Four
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cylindrical electrodes of diameter 1cm were plaaethe corners of a square region, centrally on the
top surface (figure 1) to configure for 4-electrdd® measurement. The electrode arrangement is
shown more clearly in figure 1 (right), marked Ay the separation between the centers of the
adjacent electrodes being termed asHi®eetrode Separation (ES). A spherical object of conductivity
different from that of the background volume waacgld within the volume conductor keeping its
center below the center of the electrode configomafThe distance between the center of the object
and the electrode plane was denotedepth (d). For simulated FIM measurements, an alternating

0.2

current of amplitude 1A was driven through the etete pair (A,B) using thelectric current (ec)
interface of COMSOL AC/DC module. The receive daledes (C,D) were then considered as
boundary probes to measure the voltage difference developed.dm#xt sequence, the electrode pair
(A,D) was used for current injection and the voitagas measured across the pair (B,C). Focused
impedance KZ) was then calculated summing the two voltage va{atkough strictly it should be
the average of the two values, for simplicity inaserement, the sum is considered). The simulation
was performed in thérequency domain with a drive current frequency of 5 kHz. The gaiag
equations for the FEM computations are,

V.]=0; 1)
J=(o+jwse JE+]. (2
E=-VV (3)

where,J, Q; 0, o, ¢, &, E, Je andV are the current density, source charge, electdeatuctivity,
angular frequency, permittivity in free space aathtive permittivity of the material, electric fogl
external current density and electric potentiadpestively.

To investigate the effect of electrode separaE@ninitially, the FZ values of the volume conductor
without any object was computed at different etmbtr separations. Then a spherical object of a
certain diameter of conductivity 2.0 S/m (10 tinmsre conducting than the volume conductor) was
placed at a deptd) from the electrode plane aR& values were computed with the same values of
ES as above keeping the object conductivity and depmthstant. The difference between the
correspondindg-Z values with and without object was termeBEZ. Similar measurements fa-Z
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were performed for an object with conductivity (50@ (10 times less conducting than the volume
conductor). To understand the boundary effect,atbh@ve measurements were repeated for a larger
cubic volume conductor of side 100cm keeping dfleotparameters same. Similar measurements
were then performed varying the conductivity of taget object with different radir) and placed at
differentdepths.

To validate the simulation results experimentadlysimilar study was performed on an insulating
cubic tank filled with saline. The dimensions oé ttank were identical to the first sized tank (0.3m
cube) used for simulation study. Spherical insatatballs were used as objects which were hung
using fine insulating threads. The focused impedamalues were measured at two electrode
separations using a commercial four electrode irapeel meter (Maltron Bioscan-II, UK).

The variations ofAFZ againstES for objects with conductivity 10 times and 0.1 tBnthat of
background and with different radii embedded iubic volume conductor of side 0.3m are plotted in
figure 2.AFZ is positive for less conducting objects and negatbr more conducting objects. It can
be observed that for all object sizedsZ decreases with increasibgp. The decrease iFZ is sharper

at lower ES and less sharp at higher electrode separatiorzhingaan almost constant value.
Intuitively, AFZ should approach zero at higher electrode sepagakiot it is not so as can be seen in
figure 2, even for r = 0.03m at ES = 0.2m. This ntey due to boundary effect of the volume
conductor which is 0.3m in this case. To investgdilis phenomenon, the study was repeated on a
cubic volume conductor of side 1.0m. Figure 3 shtvesvariation ofAFZ againstES for this larger
volume conductor where theFZ value is much less, almost zero at ES=0.2m. Therethe non-
zero values oAFZ at large ES in figure 2 were indeed due to boundgect.

AFZ against ES

=——1=0.03m —a—1=0.0275m ———1=0.025m ——1=0.0225m
——1=0.02m ——1r=0, No object 1=0.03m =0.0275m
3 =0.025m =0.025m =0.02m
6
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Figure 2: Variation oAFZ againstES for objects of various radii embedded in a culdime conductor of edge
length 0.3 m. The curves above the horizontal indFZ=0 are for objects with conductivity 10 times lower
than that of the volume conductor. The curves beloavfor objects with conductivity 10 times grediadicated

r values at the top, sequentially left to rightidve r=0, are for the lower curves while thosedwaling r=0 are for
the upper curves)
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Figure 3 Similar graphs as in Fig 2, but with triduvne conductor of larger size, with siderh.0
TheAFZ values at higheES are much lower, almost zero, as expected intujtive

§ against V
—4—d=0.035m —8—d=0.04m —4&—d=0.045m d=0.05m
—#—d=0.035m ——d=0.04m d=0.045m d=0.05m

S(Qm)

|

0 0.00002 0.00004 0.00006 0.00008 0.0001 0.00012
Volume, V (m?)
Figure 4: Slope (S) plotted against volume (V) lud Embedded object at different depth (d). The

curves above the horizontal line &0 are for objects with conductivity lower than thaft the
volume conductor. The curves below the horizomte are for more conducting objects.

Figures 2 and 3 show that at lower electrode sépasa the variations oAFZ with ES are almost
linear and the slopes of this linear part of theves are higher for objects having greater raditss
indicates that the slope values may be used torrdiete the object volumes. So we defined a
parameter, slopes| of the linear portion of the curves between twosen electrode separatideS,
andES, as:

_ AFZIES)-AFZ(ESy)
- ES,—ES,

h)

.. (5)
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We then plotted the slofe with the object volumey for different depths and these are shown in
Figure 4. It is striking to observe that for a dam$ depth(d), S varies linearly with volume of the
object, and the slope of these lines in turn changi¢h the depth. The slopgg can be expressed
mathematically as,

S=AV ... (6)

whereA is the slope of a straight line corresponding fmadicular depth. The value #éfis positive

for objects with conductivity lower than that oktbackground of the volume conductor. On the other
hand, the value oA is negative for objects with conductivity highdrah that of the volume
conductor. The slop@ clearly on the depth of the object. It is also etpd to depend on the
conductivity and permittivity of the object and tlud the volume conductor. From figure 4 it can be
seen that the magnitude Afdecreases with increased depth of the objectxpmee the relationship
betweenA and depth of the embedded objdcthe magnitude oA was plotted against inverse of
depth in figure 5. The straight line fit indicatéat A is inversely proportional td which can be
expressed mathematically as

|A|=§+C . (7)
where K and C are constants which depend on théuotivity and permittivity of the object and the

volume conductor under investigation, dimensiorth& volume conductor and the electrodes used
and the electrode separations chosen.
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Figure 5: Variation o] | against inverse of depth both for conducting asistive objects.

Equation (6) and (7) can be combined as

Which gives the volume of the embedded object ims$eof other measured parameters. Therefore,
the volume of an arbitrary object embedded in aiwm@ conductor can be determined measuring the
focused impedances at two electrode separatiotiseifdepth of the object and its impedivity are
known.
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3. PERFORMANCE EVALUATION

To study the accuracy of the proposed method afreeldetermination using a COMSOL simulation,
objects of different conductivity and volume wengréduced within the volume conductor at a few

Table-1: Comparison of the simulated object volumthe calculated volume from FIM
measurements taken in the COMSOL model at 0.2Slkndomductivity.

Object Simulated volume Depth Calculated Error (%)
Conductivity (md) (cm) volume ()

(S/m)

2 6.5E-05 4.5 6.8E-05 3.32

2 1.1E-04 4 1.2E-04 2.82

0.02 6.5E-05 4.5 6.3E-05 3.02

0.02 1.1E-04 4 1.1E-04 0.98

0.4 8.7E-05 35 9.0E-05 3.61

0.1 1.1E-04 5 1.1E-04 1.83

different depths. The focused impedance valuewatelectrode separations were obtained and the
volume of the object was then calculated using gou#8).

To validate the method experimentally, measuremesti® performed on a cubic tank filled with
saline having dimensions identical to that usethinsimulation study. Insulating spherical objeafts
known volume were placed within the tank and fodusgpedance values were measured. In figure 6,
A is plotted against inverse of depth which showsoal a linear dependence as in the simulation
study. For objects of apparently unknown volumesufed impedance values at two electrode
separations were measured and then their volumes wadculated using equation (8). Table 2
summarizes the results obtained from the realntiéasurements. Here the error was slightly greater,
but no more than 7%.

A against 1/d (phantom study)
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Figure 6: Variation of A against inverse of deptih &n insulating spherical object embedded within a
cubic tank filled with saline, in a real life exjraent
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Table-2: Comparison of the insulating actual obyettime to the calculated volume from
phantom experiment of FIM measurement taken inaberatory

Actual volume in m Depthinm | Calculated volume in’m % error
3.1058x10 0.045 3.0683x10 1.21
1.2478x1d 0.055 1.1662x16 6.54
7.2380x10 0.055 6.8298x10 5.64

4. DISCUSSIONS AND CONCLUSIONS

The present work has put forward a new techniguenfeasurement of the volume of an object
embedded within a volume conductor using 4-eleetrbtM, based on Finite Element simulations.
The method has also been verified successfullygusiaoth simulated and real life phantom
experiments. This technigue uses two differenttedde separations of FIM and is expected to be
useful for objects at reasonable depths from thfasel Of course this technique requires the object
depth from the electrode surface to be known, andase of large organs inside the human body,
anatomy can provide this information. This alsodseine conductivity values of the target organ with
respect to that of the background volume conduetbich has been taken as uniform in the present
study. For real life situations in the human battys latter situation of a background with uniform
conductivity will not hold, however, to a certaiegiee of accuracy, this assumption may give useful
results. Again, the conductivity of the target argshould also be available through previous
measurements on many subjects.

Although the study was performed only for spheragects inserted in a homogeneous and isotropic
volume conductor, the proposed technique has thenpal of giving useful results even when the
shape deviates somewhat from a sphere. Thus fionatstg volume of an organ within the human
body, for instance, estimating the volume of gastgid in stomach, the volume of urine in bladder,
etc., this new method may be useful.

The simulated measurements described in this seative performed over a limited range of object
diameters and depths. The ranges used can bexapately expressed as 0<2r<E&hd 0<d<E§
where r is the radius of the object and d is thetldef the center of the object with respect to the
electrode surface, E®eing the smaller of the two electrode separatadribe 4-electrode FIM used.
Whether it is applicable to a wider range has téolied out through further work.

The close agreement between the initial assumedsradd the calculated value obtained through the
simulated FIM measurements as well as experimeasallts speaks of success of the new technique
of FIM with dual electrode separations. The newnhiggue for volume measurement using FIM will
have applications in many areas including Biomddi®hysics & Engineering, geology,
oceanography, and industry.
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