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Abstract

A feasibility study of an electrical impedance mammography (EIM) systém a rotary

planar electrode array, named RPEIM, is presented. The RPEIM system is an evolution of the
Sussex MK4 system, which is a prototype instrument for breast cancerafet€ciimparing

it with the other planar electrode EIM systems, the rotation feature enables aticiram
increase in the number of independent measurements. To assist impedance evaluation
exploiting electrode array rotation, a synchronous mesh method is proposed. hésing t
synchronous mesh method, the RPEIM system is shown to have superior performance in
image accuracy, spatial resolution and noise tolerance over the MK4 systealidate the

study, we report simulations based on a closealistic 3D digital breast phantom, which
comprises of: skin, nipple, ducts, acinus, fat and tumor. A digital breast phantameaf

patient is constructed, whose tumor was detected using the MK4 system. The retamhstru
conductivity image of the breast phantom indicates that the breast phantornse aegllica

of the patient’s real breast as assessed by the MK4 system in a clinical trial. A comparison

between the RPEIM system and the MK4 system is made based on this phantom to assess the
advantages of the RPEIM system.

Keywords: breast cancer detection, breast phantom, electrical impedance mammography,
electrical impedance tomography

1. Introduction

Electrical Impedance Mammography (EIM) is a medical imaging modality festigating

the internal conductivity or/and permittivity distribution of a breasicdgkding to the studies

on the freshly excised human breast tissue, typically, the malignant tumor has highach
conductivity and permittivity than the surrounding normal tissue (Campbell and Land, 1992
Hassan and El-Shenawee, 20Dbssinet, 1996, Jossinet, 1998zebnik et al., 20Q7
Guofeng et al., 2012, Surowiec et al., 1988), thus an area with abnormallgohigirctivity


mailto:xz68@sussex.ac.uk

or/and permittivity in the reconstructed image may be an indicatoreasbcancer. However

it is very challenging to accurately reconstruct the unknown conductivana permittivity

from a modest number of surface measurements, as it is a very ill-posed prolpeactice,

the performancesf the ill-posed problens made difficult by: 1) the changes of the surface
measurements, which are caused by a big tumor with a considerable high capdoiy

be undetectable at the required precision; 2) although the changes of the surface
measurements are detectable at the given precision, the volume of the iturthe
reconstructed image is much bigger than the real size or/fand there amoflses in the
reconstructed image, which may be caused by noise or other factors. To solvéMthe EIl
problem, a breast is numerically approximated by a finite number of elements &Dthe
domain. The element at a particular position with the corresponding value of corguctivi
or/and permittivity is chosen as the unknown (degree of freedom). For a chosetizdison

of a breast, if ignoring the noise in the measurements, the number of degiteesiaf of

this system is determined by the number of the independent measurements. More independent
measurements provide more constraints to the field, which will dectbasaumber of
degrees of freedom of the unknowns and hence is beneficial to the solutiorys®@midally,
increasing the number of electrodes is the most straightforward method ¢asmche
number of independent measurements, however electrodes cannot be deployed in an
unlimited manner due to their physical size; therefore flexible electrode areagsstudied

aiming to increase independent measurements with a limited number of electrodes.

Frounchi and Bazzazi (2003) developed a novel rotary electrical capacitance tomography
(ECT) system with 4 electrodes evenly deployed in a ring (Frounchi and Bazzazi, 2@03). Th
circular electrode array rotates through 90 degrees and for each rotatieasGrements are
collected. According to their report, the rotation of the electrode array lmatetli to a
dramatic increase in the number of independent measurements and thus achigvieigjHairl
resolution images. Murphy and York (2006) proposed using non-stationary electrodes to
monitor a mixing process, by fixing the electrodes onto the mixing impéHarphy and
York, 2006). According to their simulations, the employment of the non-stationary ete;trod
in an electrical impedance tomography (EIT) system, increases the number of the independent
observations; as a result there are significant improvements in the resohdianfptrmation
content and the reliability of the reconstructed image. Huang, Yu and Chung (2007) reported a
movable ring electrode array in their EIT system, named REIT (Yu et al., 2006, Euahg
2007). The REIT is equipped with 16 evenly distributed electrodes fixed iog eotational
frame with a minimum and maximum rotation angle of 0.018 and 22.5 degrees vebpecti
This design allowed up to 1250 groups of measurements and produced a maximum of
130,000 independent measurements; however in practice, they only collected measurements
from 5 positions due to the impractical length of time required for bothadapaisition and
image reconstruction. To support this rotating design, a finer mesh is requimeake sure
that every electrode is located at a mesh element.

Till now, only a few studies on rotary ring electrode array have been reptwestuty
of a movable planar electrode array is not available in the literalbee application of a
moveable electrode array to EIT has not been widely studied as the follovangoblems
are not solved: 1) the movement of the electrodes will perturb the field inndstigation. In
most EIT systems, electrodes are directly attached to the surface of jdus dieing



measured. The movement of the electrodes may affect the conductivity or/antiyigrmi
distribution of the field, as a result, the boundary measurements from a mostiedel
system may be sampled on several different fields, thus it would be dpaippe to use all

these measurements to reconstruct one field. For example, in mastopathy diagnosis, the
movements of electrodes may twist or change the shape or position of thefbreaghough

the changes are small, considering the ill-posed nature of the EIT inverse pitbieleasults

will be extremely unreliable; 2) a moveable electrode array relies onuch rfiner
discretization, which not only increases computational time but also maynatbesél-posed
problem. In the EIT inverse problem, the electrodes are modeled by the mesh nodds or mes
elements at the corresponding positions. As the electrodes rotate, to record datédrent di
positions, the measuring density (or the positions of the electrodes) willsaciEaensure

that all the measuring electrodes are modeled by proper mesh nodes oreanesitselthe
traditional method is to usefiner mesh, thus the more movements the electrode array makes,
the finer the mesh is. However, studies suggest that a significantly findr, nvbsse
elements are far smaller than the size that the system can distinguish, wilirregeater
ill-conditioning (Gisser et al., 1990, Tang et al., 2002). Thus, using a moveable electrode array
in the EIT systems neettz 1) prevent the disturbances from the moveable electrode array to
the field under investigation; 2) avoid using an unreasonably fine mesh to supgort t
movements of the electrode array in image reconstruction.

We plan to update our 3D EIM system, the Sussex MK4 system (Zhang et al., 2014d,
Sze, 2012), by using a rotary planar electrode array, as this will enhance dlugiomes
however before manufacturing new equipment, sufficient and comprehensive simulations are
necessary to analyze the advantages of the new design. This will forecast dobw m
improvement we can achieve, so that we can determine if the new equipment is worth
investing in. The aims of this paper are: 1) providing methods to apply the phsargr
electrode array to the EIM system for breast cancer detection; 2) proving that thelariar
electrode array EIM (RPEIM) system will contribute to better accuracy, resgland noise
tolerance To assess the performance of EIT systems, many phantoms were studied (Gagnon
et al.,, 2010, Holder et al., 1996, Sadleir et al., 2013). In this paper, we propose a
closeto-realistic digital breast phantom. This paper is organized as foll®&stion 2
introduces the implementation of the RPEIM system, which includes the design of the
RPEIM system, the method to build the breast phantoms, and the solutions of the forward and
inverse problem. SectioB demonstrates the improvements of the RPEIM system over the
MK4 system. The discussion of this new system is given in Section V. Section VI concludes
this paper and outlines the prospects for future work.

2. Method

2.1 Abriefintroduction of the RPEIM system

The achievement of the Sussex MK4 system based on phantoms and the real patients made us
believe that using EIT to detect breast cancer is realistic (Zhang et al.,, 8Y84d2012)

however we are also aware of the limited ability of the MK4 system ageémesolution and
reliability. The RPEIM system is an upgraded version of the Sussex MK4 system, which aim



to enhance the performance of our EIM system. The appearance of the RPEIMisysem
sameas the MK4 system, which is a bed with a data acquisition tank in the appropriate
position. The data acquisition tank is comprised of a support tank, a breast container and a
adjustable scanner head, which is shown in Figure 1. The support tank is used tbasuppor
fasten the breast container to prevent its movement. The breast contagptadseable and

has different sizes to accommodate different brassiere cups. The diffesizetd breast
containers have the same diameter, which is 18cm but varying depths, which are3 am

2 cm, and up to 5 cm. The wall of the breast container is made from non-condoatangl

(Figure 1 in green). The bottom of the breast container is 3mm thick and mwde f
conducting material with a conductivity of approximately 0.05 S/m (Figureblu®). The
scanner head is a planar electrode array. It is adjustable in the vertical directiormataiie

in the horizontal plane. The rotation range is from 0° to 60°. The MRBEstem retains the
design of the hexagonal electrode arrangement and the data acquisition method of the MK4
system. The current excitations and voltage measurements are achieved in small hexagonal
measurement areas. The total number of voltage measurements is 1416. For a detailed
description of the hexagonal planar electrode array and the data acquisition methsel, pl
refer to (Sze, 2012, Zhang et al., 2014c¢). The improvement of the RPEIM systenthig that
rotation of the planar electrode array will significantly increase the numblee afdependent
measurements. The examination process is: 1) choose an appropriately sized breast contai
for the patient; 2) fill the breast container with the body-temperatureesalith a
conductivity of 0.05 S/m; 3) the patient lies on the bed with a breast aothainer; 4) raise

up the scanner head to engage the electrodes with the bottom of the container aachacqui
group of measurements; 5) move the scanner head to the start position; @netdégree

and return the scanner dtbto the measurement position and collect another group of
measurements, 7) repeat 5) and 6) until sampling is finished. The employment datbte b
container avoids breast movements during examinations as the scanner head rotates, so tha
all the measurements correspond to the same conductivity distribution. The planareelectrod
array rotates within a 60° segment. Normally equal angular sample is adtptedf N

groups of measurements are required in the 60° segment, the electrode array will sample a
(p—1) *60/N, p=[1,2,-,N]. Returning the electrode array to the start position before
making the next measurement will avoid accumulation of the rotatiorsefor example, if

we want 3 measurement positions at 0°, 20° and 40°, for the last measuremeo, gbsiti
electrode array goes from 0° to 40° rather than 20° to 40°. This will aweictation error at

20°.

breast container breast container

support tank

support tank

scanner head

scanner head

(b)

Figure 1. The data acquisition tank. (a) is a 3D view of the tank with the electroties lmwered
position. (b) is the vertical cross-section of the tank



2.2 The traditional method and the synchronous mmesthod for the rotary-electrode EIT
system.

In the former EIT system, the traditional method to support the rotation efdtieode array

is subdividing the mesin the area near the electrodes. This is an effective method for the
rotary ring electrode array, as normally the number of the electrodbe ofrtular array is
small and the mesh in use is 2D, so the number of mesh elemaritsbe too huge (for
example Figure 6 in reference (Yu et al., 2006)). However the traditional method i
suitable for the RPEIM system for the following reasons:

(1) Using the traditional method will significantly increase the data volume had t
computational time. Figure 2 (a) shows the 2D mesh for the static detection, nh8Eered

dots indicate the positions of the electrodes of the planar electrode arrag. Fig)rshows

the the subdivided megh support the rotations of the planar electrode array, where the dots
in different color indicate different measurement positions of the planar elecroa). The

2D mesh in Figure 2 (a) has 421 nodes and 780 elements; for 3D imaging, thesnofitiher

3D mesh nodes and elements d&1 x (L + 1) and 780 x 3 X L, where L indicates the
number of layers of the 3D mesh. The 2D mesh in Figure 2 (b) has 673 nodes and 1284
elements; for 3D imaging, the numbers of the 3D mesh nodes and elemerz3 ase

(L + 1) and 1284 x 3 x L. Obviously using the subdivided mesh will result in a significant
increase in the data volume and hence the computational time.

(2) Using the traditional method will worsen the ill-posed problem. As we mentionedbefor
if the elements are far smaller than the size that the system can distinguighleiad to
greater ill-conditioning. Obviously there are many small sized elements in Figure 2 (b).

(3) Using the traditional method will increase the computational error. The ideatet for

the finite element method (FEM) is the regular triangle (for the 3D @mnbit is regular
tetrahedron). Conversely, if the elements are far from the regular &iaatthhedron, it will
cause great computational error; however there are many elements in FigurehZlbare

far from the regular triangle.

(4) The sizes of the elements in Figure 2 (b) vary owdarge range. This will cause
nonuniform resolution of the reconstructed conductivity maps.

— ~._ * Measurement Position 1
/ "= Measurement Position 2
] + Measurement Position 3
Measurement Position 4

i, \ S\ .

(b) ()

Figure 2. The meshes for the RPEIM system using the traditional methad.tfe mesh for 1
measurement position. (b) is the mesh for 4 measurement pogitipissthe amplification of the
area highlighted by the red frame in (b). The spots indicate the pssitiche electrodes.

The problems above will become worse as the number of measurement positions
increases. We propose a synchronous mesh method, which is facilitated by rotating the mesh
together with the electrodes, so that the electrodes can always lodaesaie mesh nodes



or mesh elements. In the RPEIM system, we still use the point electrode PBN#8I, (vhich

was used in the MK4 system (Zhang et al., 2014d). The synchronous mesh method for the
RPEM system is shown in Figure 3. Figure 3 (a) indicates that the mesh and the elextrodes
the original position 0°; Figure 3 (b) indicates that the electrodes ltated 30° and the

mesh rotates together with the electrodes 30°. The 19 highlighted dstgiie 3 (a) and (b)
indicate the same electrodes but at a different measurement position. Thig thats with

‘“+>, - indicate the current excitation electrodes. The 17 middle sized dots indicate the
measuring electrodes, in which 12 voltage measurements are collected from the adjacent
electrodes, parallel to the drive pair. The other small dots indicate lébtrodes not
participating in the data acquisition in this hexagonal measurement area. Figure 3 only
presents one excitation event and its corresponding measurements; to understeitidtie

that the hexagonal measurement area scans the whole filed, please refer to reference (Zhang et
al., 2014d) and (Sze, 2018y using the synchronous mesh method, the number of meshes in
use is equal to the number of measurement positions.

@) (b
Figure 3. Two positions of the fine mesh, the planar electrode array and a hekagesasurement
area. (a) is the display of the original position. (b) is the displ#étyeofotated position at 30°.

2.3 The forward problem

In the numerical modeling of the forward problem, we set up phantoms using @nalyti
geometry first and then use a mesh to discretize it. The conductalitgs of the mesh
elements are equal to the conductivity at their centers. A tbass digital breast phantom

is created in Figure 4, which is composed of skin, fat, ducts, acinus, gland area, a nipple and a
tumor. This breast phantom is approximately 530 ml correspondimbrassiee size of 34C.

The breast container is 3cm in depth. The maximum diameter of the breast isTHgm
diameter of the contact area between the breast and the bottom of the breast ¢eemner

The breast skin is 1.55 mm in thickness (Sutradhar and Miller, 2013) and the cotductivi
value is assumed to be 0.465 S/m (De Lucia et al., 2007). Normally, there are 14 to 18
lactiferous lobes converging to the nipple in an adult breast. Each lactifebsufollows a

tree branching pattern, with the terminal ducts connecting with the acinusb(€hst
Anatomy, 2013). Thus in the phantom, a network of cylinders, arranged in shape, is

used to simulate the ducts (Figure 4 (e)) and a cluster of spheres at the end of the ducts is used
to simulate the acini (Figure 4 (c)). The diameters of the major ductdir@hgeneration

ducts developing from the nipple) have random values between 2.0 and 4.DBahnmart(

2007); the lengths of the major ducts have random values from 6.@rm8 The number of



the branches is a random value from 3 to 5. The lengths and the diameters oftshe duc
randomly decrease in the next generation as the ducts branch. At the ends of the las
generation, the acini are connected with them. The nipple is a cylinthea diameter of 10

mm and a projection of 10 mm (Hussain et al., 2003). The ducts, the acini andpiee nip
compose the mammary gland; they are assigned a conductivity value of 0.35 S/netJossi
1998, Lazebnik et al., 2007, Surowiec et al., 1988). The tissue around the mammary gland,
named gland area (Figure 4 (c)), is more conductive than the adipose tissue but less
conductive than the mammary glantierefore it is gien a conductivity of 0.2 S/m. An
ellipsoid is randomly placed on a duct to represenuctal carcinoma (tumor), it has
conductivity of 1 S/m (Campbell and Land, 1992). The size of the tumor is 2 cm in length, 1.5
cm in width and 1 cm in height; the center of the tumor is [2.5, 0, 1.5] cmothke part of

the breast is adipose tissue with a conductivity of 0.05 S/m. The conductitfity séline is

0.05 S/m. The bottom of the breast container is 3 mm thick with a conductivity of 0.05 S/m.

. Skin
Fat
GlandArea
(a) (b) (c) Ducts
- ~‘ ® =
(d) (e) (H

Figure 4. The analytic geometry model of a cancerous breast phantoni)(g)l)(are theXY view,
the 3D view and the XZ view of the breast phantom. (c) showacihes the tumor and the gland
area (e) shows the ducts, in which the red trace illustrates one route of the(fjustthe tumor.

o
wﬁé‘ i ’?;‘é?%‘i"?s
I
'Mmégaﬁgimm,

’ h
A
g

Figure 5. Meshes in the forward problem. (a) is the 2D fine mesh with the elecroahgement.
(b) is the 3D fine mesh applied to the forward problem.

The mesh, used to discretize the field in the breast container, is ghdéugure 5, it has
7 layers, 65,520 elements and 12,968 nodés. bottom layer has 9,360 elements wath
height of 3mm and conductivity of 0.05 S/m indicating the discretized bottone dirdast
container. The other 6 layers are 5mm in height and have 56,160 elements in totaknehi



used to discretize the field within the breast container including trestphantom and the
background saline. If the conductivity distribution in the breast containe(xisy, z), the
conductivity values of the mesh elements are

of :O'(Xi%’yi%’zi%) (1)
where ¢?

. indicates the conductivity value of tlith element of thepth mesh for thepth
measurement positior{(x}, 5, z%) indicate the coordinate of the center of itteelement

of the pth mesh. The discretized breast phantom corresponding to the original mesle and t
30°-rotation mesh are shown in Figure 6. We suggest using parallel compuddiiah the
conductivity value of each element, as the computational time is very largebréast
phantom in Figure 4 is a small model with only about 4000 structures; howesequiitess at
least 2.5 hours to work out the values of the elements for 4 measurement passiiogn0
i7icc1) cores.

GlandArea
Saline

Tumor

Acinus
Ducts
Fat
Nipple
Skin

®

Figure 6. The discretized breast ohantom. (a) to (c) show the cross-seatiaggsof layer 1, 3, 5
in the mesh at the start position. (d) to (f) show the cross-seciioagés of layer 1, 3, 5 in the
mesh at the 30° position.

Knowing the conductivity values of the meshes, we can compute the voltage
measurements. Assuming that there Brelements andl nodes in the mesh of the forward
problem, the relationship between the current excitation and potentidbwisini is given by
(2) (Dong et al., 2005, Xu et al., 2Q@abaeizadeh et al., 2006).

#=[Y (@.xy.2]'Q (2)

where Y is the forward solver, which is a spardéx N matrix determined by the vertex
coordinates and the conductivity values of the mesh elementss the N x1 vector
denoting the unknown nodal potentiat=[#;d;---;éy ], Q is the N x1 vector denoting
the known nodal currentQ=[Q1;Q1;"';QN]. If the current is excited between thi and the
gth nodes,

C n=p

Q,=9-C n=q (3)
0 otherwise



where Q, denotes thath element ofQ, n= [],2,---, N], C is a scalar equal to the current
amplitude. For a direct-current supplyjs a constant; otherwise it is a function of tirm(t).
The voltage measurements betweerjtih@nd thenth node are

Vjﬁq = gPi— Jpq (4)
where Vjﬁq indicate the voltage measurements betweerntthand thehth node under the
excitation between thgth andqth node, gzﬁhpq and ¢qu indicate the potential at nodeand
j, under the excitation at nogeandqg. By using (1) to (4), we can evaluate the simulated
voltage measurements.

In this simulation, we collect voltage measurements from 4 measurement positiens.
operating frequency is 500 kHz, the sampling frequency is 20 MSa/s, the sample number is
1000, and the ADCs are 14 bit. We also assume that the background noise is 60dB white
Gaussian noise; the multiplicative noise, which is caused by the amplifying,cis +0.5%
random noise. The ADC quantization is considered. The noise is added as shown in,Figure 7
where Vi(tn) indicates the sample sequence ofttheneasurement, Vi indicates the effective
value of the sample sequence, which is the final measurement. For 1000 samples, the signal to
noise ratio (SNR) of the whole system will be greater than 70 dB. Fimallget four groups
of measurements at 0°, 15°, 30° and 45°, denoted by V2 ,v3, and V4.

— ﬂ P —
> RMS Display? Divide  20*log10(u) SNR
R Zero-Order
Effective value Hold
H_LPSP ¥ 7 :.
» AWGN 0.3536
LL‘J Quantizer  Effective value of the Vi, the ith measurement

1000 samples of the ith Add 60dB

= . 3 . 14-bit ADC measurements with noise
measurement Vi(tn) white Gaussian noise

Random multiplicative noise, +0.5%

Figure 7. The addition of noise to the simulated measurements

2.4 The inverse problem

In the EIT inverse problem, the boundary measurements are known; the conductivity value
of the mesh elements are the underdetermined parameters. To save computational time and
avoidexacerbating the ill-conditioned problem, a coarse mesh with 4 layers, 14040 elements
and 2947 nodes is used, shown in Figure 8. The height of the bottom layemisr@licating
the bottom of the breast container; the heights of the other 3 layers are 10 mm.

We refer to the Sheffield algorithm, using the logarithm of the voltage ratios tiagtmer
the voltage differences to do the image reconstruction. Assuming that theke agéements
and N, nodes in the coarse mesh avdboundary measurements for one measurement
position, the iterative image reconstruction algorithm is (5). For detailednation of this
image reconstruction algorithm, please refer to reference (Sze, B@&bey, 2005, Zhang et
al., 2014a, Zhang et al., 2014b).



-1
Ao =(FTF+a? || FT In(ij—azl In| Zn-
Vn Oref

Alno

(5)

Ino,,1=Ino,+Alnc or o, ,=0,€

where: F is the M x E; sensitivity matrix, which is determined by the coordinates of the
mesh nodes and the conductivity values of the mesh elements, the regularization
parameter, which can be determined using the L-curve method (Hansen and Oleary, 1993
Vogel, 1996 Kaufman and Neumaier, 1996, Lavarello et al., 2006)js the unit matrix

ot IS a E; x1 vector indicating the reference conductivity distribution, which normadly is
uniform field. In our case, the reference medium is saline and the conducti@if5iS/m.

V isthe M x1 vectors indicating the real measurements. indicaesthenth predicted or
simulated voltage measurements corresponding to the reconstructed conduetiyitiesthe

real experiment,In(V/V,,) in (5) is replaced by

V..
|n(ij:|n L*L—mf =In v —In Vn
Vn Vref Vn Vref Vsim_ref ( 6 )

where: V¢ denotes the real reference measurements from the sélipe; denotes the
simulated reference measurements. Equation (6) will make sure that the reatemests

and the simulated measurements could be compared separately, so that it will avoid the erro
caused by computer modelling. However in this paperjs evaluated by simulations, so (5)

is the equation we need.

Figure 8. Meshes in the inverse problem. (a) is the 2D coarse mesh with the elertadgement.
(b) is the 3D coarse mesh applied to the inverse problem.

The synchronous mesh requires different subdivisions of the field in the waigh
means if there ar& groups of measurements] 3D meshes corresponding to the
measurement positions will be needed. One group of measurements can only contribute to one
group of solutions of the corresponding mesh. However in practice, we hopittireagaoups
of the measurements could interact with each other and finally achieve one 3Dhitdwpisw
expected to be much better than any result from a single group of measurements. We propose
the following steps to solve this problem: 1) mé&k8D fine meshes for the forward problem
andN 3D coarse meshes for the inverse problem; 2) solve the forward problems wih som
assumed conductivity and gdtgroups of predicted voltage measurements; 3) obtaiithe
groups of conductivity values (corresponding to coarse meshes) by using the image
reconstruction algorithm; 4) map the conductivity values fronlNtB® coarse meshes to the
3D fine meshes (the mapping algorithm is shown in (7) ); 5) if the condydisgiribution is



satisfied, make thN groups of conductivity a 3D image or a group of cross-sectional images;
however if the conductivity distribution is not satisfied, repeat 2) to 5).

To introduce the synchronous mesh method in the inverse problem, we still use the breast
phantomin Figure 4 as an example. Applying the four groups of measurendéntyg %, V3,
andV* to (5), the corresponding conductivity valueS,arse 1, Teoarse 1+ Fooarse 1, aNd
Ufoarse , are computed, wherécoarsé indicates the coarse mesh, 1 in the subscript
indicates the first iteration, 1-4 in the superscript indicate the indexdee aheasurement
POSItIONS. Ggoqrse 1 ANA Cooarse 1 ar€ Visualized in Figure 9.

0.42649
0.35119
0.27589
0.2006
0.1253
0.05

(€3]
Figure 9. The reconstructed conductivity of the first iteration. (a) to (c) showettenstructed
conductivity at the first measurement position (0°). (d) to (f) shewelonstructed conductivity a
the third measurement position (30°). The color bar indicates the condustiaiey

The four groups of conductivity values are the reconstructed results sére field but
from different measurement positionfielcomplementary information from the four different
measurement positions will increase the reliability of the result. Meri@gconductivity
values of the four coarse meshes into four fine meshes will strengthen the commardgeow!
and reduce the disagreements (for example the mesh and the noise). The mapping &gorithm

P

ol Sotai?he ™
=

where P is the number of the measurement positidfisindicates théth element of theth

3D fine mesh, j’ indicates théth element of theth 3D coarse meshgf . ,and Ucpoarse_n

denote the conductivity values from thth iteration, of thepth 3D fine and coarse mesh

respectively. If[x ,y;,z ]indicates the coordinate of the centeribf P, (k) indicates

the space of thieh element of theth coarse mesh,

jp:k if [)ﬁ7yi!zi]eecpoarse(k) (8)

By using the mapping algorithm (7), the conductivity values of the four fine meshes are
obtained. The cross-sectional images of the first fine mesh at 0° and the third fine mesh at 30°
are shown in Figur&0. Although there are 6 layers in the 3D fine meshes, we only display 3
image layers by combining the two neighboring layers into one, corresponding to the layers of
the coarse mesh. For iterations, knowing the reconstructed conductivity values iokethe f



meshes, four groups of the predicted voltage measuremléntyf, V13 and V14 can be
computed, where 1 in the subscript indicates the first iteration, 1-4 in thessugeindicate

the indexes of the measurement positions. By comparing the real measurement with the
updated reference measurements, we can update the conductivity values until they converge.
Then we can make the conductivity values of the four 3D fine meshes int@®quietGre or

several cross-sectional pictures. The valueamhpixel is

a%’ne_n(h")/P (9)

(% y,2)=

Mo

1

i

where I(x, Y, z) indicates the conductivity value of the 3D space in the breast contaner,
denotes the number of the measurement positibfis denotes théth element of theth 3D
fine mesh, of . ,, denotes the reconstructed conductivity value ofpthe3D fine mesh of
thenth iteration. If eP .(K) denotes the space of tkéeh element of theth fine mesh,

hP=K if (xyz)eel (K) (10)

(®

Figure 10. The conductivity values of the fine meshes at measurement position 80and(a) to
(c) show the conductivity of the 3D fine mesh at 0.t@{f) show the conductivity of the 3D fine
mesh at 30°. The color bar indicates the conductivity scale.

Figurell shows the final cross-sectional images, which is contributed by the conguctivit
values of the four 3D fine meshes of the second iteration. The number of the (#204l8291.
The big bright circular area in the first cross-sectional image seddwy the highly conductive
skin. The bright area in the center of the second cross-sectional image is the ithaggasfd
area. Before analyzing the second cr@ssional image, let’s refer to the breast phantom in
Figure 4 (a) and the discretized breast model in Figure 6 (b) and (e) to gedttived of the
breast: the ducts and acinus distribute similarly to an ellipse with two endisgoinll and 6
O’clock. The red area in the center of Figure 11 (b) is consistent with these feathiels,
indicates the cluster of the ducts and acinus. The darkest area in the ceateseid by the
nipple and the ducts, which converge to the nipple. The darkest area at 3 O’clock indicates that
the tumor is present. The bright ring round the grand area is caused by thecbighlgtive
skin. The dark area in between the gland area and the skin is the adipgsdriske third
crosssectional image, the gland area is clearly imaged in the center; the red area at 3 O’clock is
a projection of the tumor, which is inevitable for planar electrode array (Boeetet., 2014)



the ducts and the acinus are not well imaged, as they are far from the ekeclrod data
volume of the EIT problem is determined by the mesh. To make this program work, riésequi

at least 16G RAM. The computational time of the EIT problem is affected by thesmdke
algorithms and the number of measurement positions. The computational time is alaost lin
with the number of measurements positions. In this simulation, using an i7-4790 CPU @ 3.60
GHz, the computational time is about 93 seconds for one measurement position and about 374
seconds for 4 measurement positions.

Figure 11. The final reconstructed conductivity distribution of four measuremesitipis. (a) to
(c) indicate the cross-sectional images at the bottom, middle and toptafikhe

3. Result
3.1 Evaluation method

To evaluate the performance of an EIT system, we compare the geometric parameters of th

target object and its image, which include the location parameters (the aetitertumor)

and the shape parameters (the length and the width of the tumor). In this breast pi@ntom,

target object is the tumor, which is defined as an ellipsoid and satisfies
(x=%0)  (y=¥o), 2=2 o

a2 | p2 c
where [%q,Y0,2] is the center of the ellipsoid, which is [2.5, 0, 1.5] (capp andc are the
semi-principal axes of the ellipsoid, which is [1, 0.75, 0.5] (cm). Compaliggys. 2] a,
and b between the real object and its image will give an objective analydisecimage
accuracy. We name this quantitative evaluation meti®ianage processing based error
analysis method. The procedure is as follows. Firstly, estimate the verti¢aposthe object
of interest by comparing the image contrast of each layer. Assume that greof&m object is
located in the layer with the greatest image contrast, named the layer restir(teOl).
Secondly, convert the RGB image of the LOI to a binary image, and then dx¢radge of the
tumor. Finally, do curve fitting on the edge to find the parameters we need and compare the
parameters with the standard object geometry to assess the accuracy of the result.

The image contrast of each layer is computed using the following equation.

(11)

.
c==4 (12)
IBg



where I_Obj is the average of greater than a thresholdl , |_Bg is the average of smaller
than the threshold'. In this caseI is the conductivity value at half maximum of the
conductivity range.

T= min(l Layer)+%[ma>(l Layer)— min(l Layer)] (13)

where 1., denotes the conductivity values of an image layer. For Fiyreayer 2 is the
LOI, that is: the most likely object layer. Converting the RGB imagé@fLOl to a binary
image, we get a logical matrix containing ones where the object is and zeroes elsewhere:

0 liayer<T
IB:

14
1 I ayer >T (14)

where | g is the image intensity. Following this, edge extraction is used to locate the
coordinates of the pixels on the edge of the object. Assume[xgayE] are the coordinates

on the edge, wherexg =[Xg1, Xg0 - Xen], Ye =[Yew Yezr - Yen], N represents the
number of the coordinates. The center of the ob{&gt y,) can be estimated using (15).

N
io=ZXEi/N

~ (15)
Yo= ;)’Ei/N

The size parameters can be computed by nonlinear least-squares curve fitting. For an elliptical
object,

1 ()(E_io)2 _(yE:S;O)ZH (16)

[5, E]z argminab~ =2 =2

where: &9MIN; 5 means the argumerd and b , which minimize what follows)] |l

is the 2-norm,a and b indicates the computed semi-principal axes of the ellipse. We also
defineaparameterD to evaluate the whole distortion of the object.

212

(e =%0) _(ve - vo)’|
a2 b2 | (17)

2
N

D=

where: xy, Yo, a, b are the parameters of the real model. A snmallvalue means a
small difference between the image and the real object. If iherere than one object in the
same layer, the total distortion is

i1 ai’ (18)

el bl el
2

D

total ~

N

where:Num indicates the number of ob'ectsxiE and y:E indicates the coordinates of the
points on the edge of tlith object; (x'o, ybﬁ indicates the center of tliia object, 8 and b’
indicate the size of th¢h object;N is the total number of points on the edges oNlubjects.



3.2 The accuracy of the RPEIM system

Although the increase of measurement positions will benefit the image accuracy, they
don’t have linear relationship with image quality; or in other words, there will be no obvious
improvement of image accuracy, where the number of rotations is greatentiogmimum
value. Figure 12 and Figure 13 present the reconstructed conductivity distributions of the
breast phantom detected by the MK4 system and the RPEIM system with 8 measurement
positions. According to Figurél, Figure 12 and Figure 13, the RPEIM system gives a
significant improvement in image accuracy over the MK4 system; howevénddRPEIM
system, the result from eight measurement positions ttagsmw obvious improvement over
the result from four measurement positions. Therefore the number of measurement positions
for the RPEIM system is a non-linear optimization problem, which traffethe image
accuracy and the computational time. Figure 14 shows the edges of the tumor corresponding
to different numbers of measurement positions. By using the image processing based er
analysis method, we get the position and shape parameters of the tumor, whadtulated
in Table 1 and plotted in Figure 15, this explores the relationship between tihernam
rotations and the physical location errors of the tumor.
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(b) (©
Figure 12. The reconstructed conductivity maps of the digital breast phantomthsihgK4 system

(b) (©)

(@)
Figure 13. The reconstructed conductivity maps of the digital breast phantomthsiiRPEIM
system with 8 measurement positions

(@) (b) (© (d) (e

Figure 14. The edge of the tumor corresponds to different numbers of measungoséions. (a)
is from the MK4 system. (b) to (f) are from the RPEIM systesimg2, 3, 4 and 8 measurement
positions.

In Figure 14, the shape of the tumor from the MK4 system is seriously affactide



triangular shape of the elements; however as the number of the measurement positions
increases, the shape accuracy of the tumor is significantly improved. Tahktk Higure 15
present the critical parameters of the image and give a quantitative analysisesétionship
between the image accuracy and the number of measurement positions. According 1o Table
and Figure 15 (a), the image contrast drops from 10.27 for the MK4 system to 5tB8& fo
RPEIM system with 5 measurement positions and then becomes stable. In image
reconstructions, because of the ill-posed nature and the influence of the noiswlthmre

some mesh elements having abnormally high or low conductivity values, which rasalts i

big image contrast for the MK4 system; however when we have several measurement
positions and use the merged value to denote the conductivity vallwe yat], the
abnormally high or low values will be averaged, resulting in a reduced image tohtras

image contrastloesn’t drop linearly with the number of measurement positions; it becomes

stable when the number of measurement positions exceeding a threshold value, which is 5 in
this case. The image distortion D gives a comprehensive evaluation of the imageyaafcurac
the tumor, including the location and the shape of the tumor. In Figure 1Be(ayrive of the

image distortion (D) drops sharply from 1 to 4 measurement positions and becables st
from 4 to 7 measurement positions and then slightly rises at 8 measurenstis0r his
indicates that there is a significant improvement of image accuracy as the namber
measurement positions increases from 1 to 4, after which the improvement beeoynes v
marginal. The center shift is the distance between the centers of the reahadjéts image,

which assesses the positional accuracy. According to Fitbir@h), the positional error
doesrt get smakr as the number of measurement positions increases. The errors of the
object length and width in Figure 15 (b) are used to assess the size ehmtwhor. As the
number of measurement positions increases to 3, the size error stabilizes. By comprehensively
analyzing the reconstructed conductivity distributions, the outlines of the tankigurel4

and the critical parameters in Table 1 and Figure 15, and also considering the congbutation
time, we suggest threéo five measurement positions for a real experiment. Three
measurement positions is preferred to reduce computational time, whilst five measurement
positions will give higher accuracy.

Table 1. The critical parameters obtained from the images

Parameters MK4 The RPEIM system

Measurement positions 1 2 3 4
Horizontal center, (cm) [2.06,0.11] [2.13,0.11] [2.07,0.08] [2.10,0.10]
Vertical center in layer Layer 2 Layer 2 Layer 2 Layer 2
Conductivity contrast in LOI 10.27 8.19 6.71 7.66

Half length and width, [a b](cm [0.78,0.86] [0.59,0.50] [0.81,0.68] [0.81,0.70]
Object distortion,D 0.38 0.30 0.30 0.26
Parameters The RPEIM system

Measurement positions 5 6 7 8
Horizontal center, (cm) [2.12,0.11] [2.10,0.07] [2.07,0.09] [2.10,0.07]
Vertical center in layer Layer 2 Layer 2 Layer 2 Layer 2
Conductivity contrast in LOI 5.85 5.69 5.67 6.42

Half length and width, [a b](cm [0.76,0.71] [0.82, 0.73] [0.70, 0.63] [0.9, 0.7]
Object distortion,D 0.26 0.27 0.25 0.29
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3.3 The Spatial Resolution of the RPEIM System

A breast phantom with two tumors in Figure 16 is used to illustrate thentadeaof the
RPEIM system in spatial resolution. The two tumors are the same sizeeagitih lof 2 cm,
width of 1.5cm, and height of 1 cm, but they are placed perpendicularly. Tumor 1 exiphac
[2.5, 1.25, 1.5] (cm); Tumor 2 is placed at [2.5, -1.5, 1.5] (cm). The smallest boundary to
boundary distance between the two tumors is 1 cm. The spatial resoluti@iTobgstem is
considered relative to the electrode density and the distance to the elextand(Hartov et
al., 2005). According to the electrode arrangement of the MK4 and RPEIM syistem,at
least distinguish the two objects at the electrode-contact planeagigiparation distance of
about 1.7cm. In this case, we aim to show the improvement in spatial resolution th&ing
RPEIM system, by separating the two objects witlistance smaller the adjacent electrode
distance.
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Ducts

(a) (b)
Figure 16. The breast model with two tumors. {&}the XY view. (b)is the YZ view

Figure 17 and Figure 18 present the reconstructed image from the MK4 system and the
RPEIM system with five measurement positions respectively. Clearly Figure t@ids
closer to the digital breast phantom than Figure 17. For the case with two tumors,twe use
steps to assess the image accuracy: general analysis which analyzes the imagdeaarad
further analysis which analyzes the region of interest (ROI). Stepufjhly establishes the
location and size parameters of the two tumors from Figureb)8u6ing the image
processing based error analysis method. When two (or more) tumors are close todleéher
breast, one will affect the reconstructed conductivity of another and its sumguaia,
especially for the region in between them. In this situation, using thshtildeat half
maximum of the conductivity range may be inappropriates thireshold in this case is 0.25



S/m, whichis a minimal value that separes the images of the two tumor. The roughly
analyzed geometrical parameters of the two tumors are shown in Table 2. The center of
Tumor 1 and Tumor 2 shift 0.65 cm and 0.48 cm respectively. The object distortion of Tumor
1 and Tumor 2 are 0.92 and 0.34 respectively. The image of Tumor 2 is more accurate than
Tumor 1. This may be because Tumor 1 is closer to the region of the high densitthgland
Tumor 2 and the signal from the high density gland is so strong that it dffeatstection of

the tumor nearby. Step 2: use the location of Tumor 2 as a reference (as the location of Tumor
2 is more accurate) and plot the conductivity distributions in Figure)l&8n(b(d), along the

black lines in Figurd9 (a) and (c), to provide further analysis to the ROI. Both Figure 19 (b)
and (d) have two peaks; however the curve in Figure 19 (b) is too coarse to evaluate the
locations and the sizes of the two tumors. While Figure 19 (d) shows two depdyated
humps with a boundang-boundary distance of 0.99 cm, which is consistent to the breast
model. Please note the diffeperfrom Step 1, in which we used one threshold to determine
the sizes and locations of the tumors, in Step 2, we use two thresholds as theignducti
scales of the two tumors are different in Figure 19 (d). If we take thetiofigmoints at the

ends of the two humps as the boundary of the two tumors, the sizes of the two tumors along
y-axis are 1.22 cm and 1.04 cm. If we assume that the centers of the two tumorthare at
middle of the two humps, the coordinates of the tuimmeaters on the y-axis are 0.88 cm and
-1.24 cm. By observing the cross-sectional images in Figure 17 and the congductivit
distribution of the ROl in Figure 19 (b), we find that when the bounttabpundary distance

of the two tumors are equal to 1cm, it is difficult for the MK4 systerseparate the two
tumors and get accurate positions for them. However by observing Figure 18 and1Bigure
(d), we conclude that 1) the RPEIM systerancseparate the two tumors with a
boundaryto-boundary distance equal to 1 cm; 2) the RPEIM system can provide a better
spatial resolution than the MK4 system.

Figure 17. The reconstructed result of the two-tumor breast phantom using the y8t&frs (a) to
(c) indicate the cross-sectional images from the bottom to the top.

Figure 18. The reconstructed result of the two-tumor breast phantom using th&/Riy&iem with
5 measurement positions. (a) to (c) indicate the cross-sectional imagesdrbottom to the top.



Table 2. Theroughly estimateparameters of the two tumours (Step 1)

Tumour 1

Parameters Real value Estimated value Error
Horizontal centreqm) [2.5,1.25] [1.98,0.86] [-0.52,-0.39]
Vertical centre Layer 2 Layer 2

Length and width (cm) [2,1.5] [1.80,1.38] [-0.2,-0.12]
Centre shift (cm) 0.65

Object distortion 0.92

Tumour 2

Parameters Real Value Estimated value Error
Horizontal centreqm) [2.5,-1.5] [2.18,-1.14] [-0.32,0.36]
Vertical centre Layer 2 Layer 2

Length and width (cm) [1.5,2] [1.08,1.38] [-0.42,-0.62]
Centre shift (cm) 0.48

Object distortion 0.34

Total distortion of the two tumor 0.64
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Figure 19. The conductivity distribution of the ROI. (b) and (d) plot the emtigity distribution

of the region on the black lines in (a) and (c). (a) and (c) armtages from Figuré? (b) and
Figure18 (b) respectively(d) shows the further analyzed parameters from Step 2.

3.4 The Noise tolerance of the RPEIM system

The conductivity value, from the RPEIM system using the synchronous mesh method, is a
merged value from multiple measurement positions; therefore it is supposed to haee a bet
noise tolerance. To prove this point, we still use the breast no&aure 4. We add 30 dB
white Gaussian noise ant1% random multiplicative noise to the simulated measurements
at the 500 kHz operating frequency. For 1000 samples, the SNR of the whele $yst
approximately 45 dB. The reconstructed images corresponding to the MK4 system and the
RPEIM system with four measurement positions are shown in Figure 20 and Figure 21.
Comparing Figure 20 with Figure 12, which are all from the MK4 system but witreliff
noise levels, the reconstructed result in Figure 20 is seriously affected by sbe Tt red
elements at2 o’clock to 6 o’clock indicate the presence of the cluster of the ducts and acinus
but obviously the distribution is inconsistent with the breast phantom. ghey lionductive
elements at 3 o’clock indicate the presence of the tumor. By comparing Fiddrand Figure
21, which are all from the RPEIM system with 4 measurement positions, wehfnd t
reducing the SNR from 70dB to 45 diBesn’t make a big change of the reconstructed result.
The image of the tumor and the cluster of the ducts and acinus in Figure 21 is stdindear



consistent with the breast phantom. Comparing Fi@@end Figure 21, which are from
different systems but with the same noise level, we find that the conductiviiputish in

Figure 21 from the RPEIM system is much closer to the breast phantom than that ir2€igure
Thus, we conclude that 1) for the same system but with different noise levels, the
reconstructed result from the RPEIM system is not affected as badly dsothahe MK4
system; 2) for the same noise level but different systems, the RPEIM system pdrédren

than the MK4 system in image accuracy. These two points prove that the RPEIM system has
a better noise tolerance than the MK4 system.

Figure 20. The reconstructed result from the MK4 system, with SNR of 45a&)Bo((c) indicate the
cross-sectional images from the bottom to the top.

Figure 21. The reconstructed result from the RPEIM system of four measntgrositions, with
SNR of 45 dB. (a) to (c¢) indicate the cross-sectional images fredoattom to the top.

3.5 Simulations Based on a Real Patient

We reported the conductivity map of Patient 0703 detected by the MK4 system and gave
detailed analysis in reference (Zhang et al., 2014d). In this section, we set itplddigst
phantom of Patient 0703 and apply this breast phantom to both the MK4 system and the
RPEIM system to achieve two comparisons: 1) we compare the conductivity mapsead the r
patient and the breast phantom, which will demonstrate that the digital bneasbm is a
good replica of the breast of Patient 0703; 2) we compare the conductivity mapthérom
MK4 system and the RPEIM system based on the breast phantom, which will present the
improvements of the RPEIM system. Although this study is based on simuldtisn,
approach will make sure that the mock clinical trial is very close to realistic.

Figure 22 shows the X-ray images and the conductivity maps of Patieris 0&f®reast,
in which LMLO and LCC indicate the mediolateral-oblique (MLO) and craniocau@a) (
view of the left breast (the first L indicates the left breast). Foildétamformation of using
the MK4 system to examine Patient 0703, please refer to reference (Zhang et al., P8d 4d)
breast phantom of Patient 0703 is set up according to both the X-ray imagekeand
conductivity maps. Before setting up the breast phantom, it should be emphasizibe tha



breast phantom cannot be exactly the samhe real breast as the inner structure and the
exact conductivity values of the breast tissues are unknown, but the breast ptemtben
close to the real breast, if it is carefully defined according todhtufes of the real breast.
The cup size of Patient 0703 is C. In examination, the thickness of the breastés poess
1.8cm by the MK4 system. The features of the breast of Patient 0703 are: 1)rartordi
Figure 22 (a), the mammary gland in the adulmleast is denser than the cranial breast, so for
the breast phantom, there should be more ducts and acinus in the caudal breast than the
cranial breast (Figure 23 (b)); 2) according to Figure 22 (b), the manyizarg on the left
hand side is dense and has a round profile; however the mammary gland on the dght han
side is not dense and hasamost straight profile, so the breast phantom is built as FRRire
(c); 3) according to Figure 22 (c) and (d), the tumor is at the upper outsideamfiatr
according to Figur@2 (c), the conductivity in the upper inner quadrant (UIQ) is relatively
small, so there should be less ducts and acinus in that area. With these featsmsymthe
breast phantom of Patient 0703 in Figure 23. The size and location of the tuminadesst
according to the conductivity maps, which is located at [-2.98 1.47 0.9] (cm) and ha®f siz
0.7 cm in width, 1.3 cm in length and 0.5 cm in height. The conductivity values ofehst br
phantom are estimated according to the conductivity maps and shown in Table 3. In
simulations, the operating frequency is 500 kHz, the sampling frequency is 20 M®a/s, t
sample number is 1000, the ADCs are 14 bit, the background noise is 60dB white Gaussian
noise, and the multiplicative noise #0.5% random noise.

Figure 24 presents the simulated result of the breast phantom detected by the MK4
system. The red elements highlighted by the circles indicate the presence ohaheTie
red area in the center is caused by the gland. By comparing Figure 22 4oyl (Bigure24,
we find that 1) the size and the location of the tumor in Figure 221Y@nd Figure 24 are
similar; 2) the areas of the gland (the red area in the center of the conductivity imaps)
Figure 22 (c) (d) and Figure 24 are similar; 3) both Figure pan@ Figure 24 (a) have a less
conductive area in the UIQ and the shapes of the less conductive areas arethiendfore
we conclude that 1) the breast phantom could simulate the conductivity distributiareal
breast at the precision that the EIT systems can distinguish; 2) the digdat phantom is
valuable for the mock clinical trials of EIT. Knowing that the breast phantdPatidént 0703
could contribute to a similar conductivity map with the real examinatian,apply the
RPEIM system to this breast phantom for a mock clinical trial. Figure 25 shows the
reconstructed conductivity maps of the breast phantom, detected by the RPEIMwgightem
five measurement positions. Comparing Figure 24 and FRiyrnee find that the result from
the MK4 system is seriously affected by the noise and the size of the mesh elements; however
by using the RPEIM system, the influences from the noise and the size of theamesh
significantly reduced, the image of the tumor is much clearer, and the spstiaition of the
conductivity maps is significantly improved.



LMLO

Figure 22. X-ray images and conductivity maps of Patient 0703, tumor indicgteedhcircle. (a)
and (b) are the LMLO and the LCC image. (c) and (d) are the conductigjtg of the bottom and

the top layer.
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Figure 23. The breast phantom of Patient 0703. (a) shows the compressed brea$ireatt

container. (b) is the XY view of the breast phantom. (c) is the XZ vialeobreast phantom. (d)
is the YZ view of the breast phantom.

Table 3. The conductivity of the breast phantom

Breast Saline Skin Fat Gland area Nipple, ducts, acinus Tumor
Conductivity (S/m) 0.05 0.15 0.04 0.06 0.14 0.6

0.14
0.12
0.1
0.08
(b) 0.06 (a) (b)

Figure 24. The conductivity distribution of Figure 25. The conductivity distribution
the breast phantom of Patient 07/ of the breast phantom of Patient 07
detected by the MK4 system. detected by the RPEIM system with

measurement positions, using two layer

(a)

4. Discussion

The advantages of the RPEIM system compared with the former MK4 systemighre: h
accuracy, high spatial resolution and good tolerance to noise.

Regarding the accuracyp make a reliable performance assessment of the RPEIM
system, we define some critical parameters, which include: conductivity contrgsit ob
center, object size (length and width), errors of object center aadasid object distortion.
These parameters are plotted and tabulated in Figure 15 and Tablénestigate the
relationships between the image accuracy and the number of measurement positions.



Generally the RPEIM system generates better results than the MK4 systeime RFEIM
system, we suggest three to five measurement positions: three measurements pigsitio
preferred for speed; five measurement positions is preferred for higheweg Increasing
the number of measurement positions beyond 5 is pointless, as it is time consuming and no
further improvement can be obtained.

As for the spatial resolution, the RPEIM system exhibits a significanbiaprent over
the MK4 system. To demonstrate this, a breast model with two tumors is employed and the
results corresponding to the MK4 system and the RPEIM system with 5 measurement
positions are shown in Figure 17, Figure 18 and Figure 19. For the MK4 system, the image of
the normal gland and the images of the two tumors are mixed together. If we didn’t have the
knowledge of the structures of the breast phantom, we could hardly determine the existence of
the tumors. However for the RPEIM system, the images of the normal gland andothe tw
tumors are clearly separated. By plotting the conductivity distribution across thes adriter
two tumors in Figure 19dj, we estimated that the boundary to boundary distenegual to
0.99 cm. This result is very close to the real distance of 1lcm. Thus, we kbivine
RPEIM system could deliver a better spatial resolution than the MK4 system.

Considering noise, the RPEIM system has a much better noise tolerance than the MK4
system as the errors of the reconstructed conductivity values are averabedlgptithm of
the synchronous mesh method. Figure 12 and Figure 20 present the reconstructed results of
the breast model in Figure 4, by using 70 dB and 45 dB measurements from they sk,
Comparing these two results, we can find that as the noise increases, thequmadity
deteriorates seriously. Figut& and Figure 21 present the reconstructed results of the same
breast modelby using 70 dB and 45 dB measurements from the RPEIM system with four
measurement positions. According to these results, we can find that although the noise
increased to a high level, it didn’t affect the detection of the tumor, which proves that the
RPEIM system could achieve a good noise tolerance by increasing the number of the
measurement positions. By comparing Figure 20 and Figure 21, we believe that the RPEIM
system with the synchronous mesh method not only reduces the errors caused by the noise
from the system, but also reduces the errors caused by the size of the mesh elements.

To validate our study, we made simulations based on Patient 0703, whose tumor was
detected by the MK4 system. To apply the RPEIM system to this patient,sthe liuilt a
digital breast phantom in Figure 23. By comparing the simulated raskitjure 24 with the
experimental result in Figure 22, we conclude that 1) the digital breast phantowlose
replica of the real breast; 2) the digital breast phantom could be amatilte approach to
clinical trials when the number of volunteers is limited. We then applied the RPEIM system to
this digital breast phantom. By comparing the result in Figure 25 with thésrasigure 22
and Figure 24, we conclude that the RPEIM system has better performances in image
accuracy, spatial resolution and noise tolerance than the MK4 system.

5. Conclusion and futurework
The RPEIM system is superior to the MK4 system in image accuracy, spailaticesand

noise tolerance due to the increase in the number of independent measurements and the
synchronous mesh method. The increase of the independent measurements provides more



boundary conditions, which increases the solution constraints, hence ensuring acuce a
result. The synchronous mesh method avoids refining the mesh to support the electrode
rotations; therefore it prevents greater ill-conditioning caused by thenfisé. The rotations

of the mesh, together with the electrode array, permit the conductivity noapse t
reconstructed at different angles. The mapping algorithm merges the conguetiviés of

the coarse meshes into the values of the fine meshes, and finally combimdatthone 3D

image or several cross-sectional images. This minimizes the influence of thamdemakes

the conductivity distribution smooth, not lumpy, hence giving better spatiautiesol The

final image is reconstructed from several groups of measurements; theref@mdib® noise

from one group of measurements will be ameliorated, hence delivering better revisecel

In general, the RPEIM system with the synchronous mesh benefits the image aspatady,
resolution and noise tolerance. However the improvement of the image qualitylirseant

with the nunber of measurement positions. There won’t be an obvious improvement if the
number of measurement positions exceeds five. Indeed, considering the computational time,
three to five positions are reasonable in practice. A digital breast modedadgbplio EIT is
proposed in this paper. This is valuable in the mock clinical situatiorpasvides unlimited

data for EIM assessment and helps to set the tumor detection requirementsafticular

EIM system (for example the detectable tumor size, depth, and the conductivity contrast
between the tumor and the surrounding normal tissue). We have done some work on the
improvement of image accuracy, spatial resolution and noise tolerance. Ituttee fue will
consider the difficulties of the planar electrode array in detecting thar tnmemote regions,

and work on the improvement of the sensitivity in depth.
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