
A feasibility study of a rotary planar electrode array for 
electrical impedance mammography using a digital breast 
phantom

Article  (Other)

http://sro.sussex.ac.uk

Zhang, X, Chatwin, C and Barber, D C (2015) A feasibility study of a rotary planar electrode array 
for electrical impedance mammography using a digital breast phantom. Physiological 
Measurement, 36 (6). pp. 1311-1335. ISSN 0967-3334 

This version is available from Sussex Research Online: http://sro.sussex.ac.uk/id/eprint/54160/

This document is made available in accordance with publisher policies and may differ from the 
published  version or from the version of record. If you wish to cite this item you are advised to 
consult the publisher’s version. Please see the URL above for details on accessing the published 
version. 

Copyright and reuse: 
Sussex Research Online is a digital repository of the research output of the University.

Copyright and all moral rights to the version of the paper presented here belong to the individual 
author(s) and/or other copyright owners.  To the extent reasonable and practicable, the material 
made available in SRO has been checked for eligibility before being made available. 

Copies of full text items generally can be reproduced, displayed or performed and given to third 
parties in any format or medium for personal research or study, educational, or not-for-profit 
purposes without prior permission or charge, provided that the authors, title and full bibliographic 
details are credited, a hyperlink and/or URL is given for the original metadata page and the 
content is not changed in any way. 

http://sro.sussex.ac.uk/


A feasibility study of a rotary planar electrode array for 

electrical impedance mammography using a digital 

breast phantom 

X Zhang
1
, C Chatwin

1
, D C Barber

2 

1. Department of Engineering, University of Sussex, Brighton BN1 9QT, UK 

2. Department of Cardiovascular Science, University of Sheffield, Sheffield, S1 4DT, UK 

E-mail: xz68@sussex.ac.uk 

Abstract 

A feasibility study of an electrical impedance mammography (EIM) system with 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 cancer detection. Comparing 

it with the other planar electrode EIM systems, the rotation feature enables a dramatic 

increase in the number of independent measurements. To assist impedance evaluation 

exploiting electrode array rotation, a synchronous mesh method is proposed. Using the 

synchronous mesh method, the RPEIM system is shown to have superior performance in 

image accuracy, spatial resolution and noise tolerance over the MK4 system. To validate the 

study, we report simulations based on a close-to-realistic 3D digital breast phantom, which 

comprises of: skin, nipple, ducts, acinus, fat and tumor. A digital breast phantom of a real 

patient is constructed, whose tumor was detected using the MK4 system. The reconstructed 

conductivity image of the breast phantom indicates that the breast phantom is a close replica 

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 for investigating 

the internal conductivity or/and permittivity distribution of a breast. According to the studies 

on the freshly excised human breast tissue, typically, the malignant tumor has a much higher 

conductivity and permittivity than the surrounding normal tissue (Campbell and Land, 1992, 

Hassan and El-Shenawee, 2011, Jossinet, 1996, Jossinet, 1998, Lazebnik et al., 2007, 

Guofeng et al., 2012, Surowiec et al., 1988), thus an area with abnormally high conductivity 
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or/and permittivity in the reconstructed image may be an indicator of breast cancer. However 

it is very challenging to accurately reconstruct the unknown conductivity or/and permittivity 

from a modest number of surface measurements, as it is a very ill-posed problem. In practice, 

the performances of the ill-posed problem is made difficult by: 1) the changes of the surface 

measurements, which are caused by a big tumor with a considerable high conductivity, may 

be undetectable at the required precision; 2) although the changes of the surface 

measurements are detectable at the given precision, the volume of the tumor in the 

reconstructed image is much bigger than the real size or/and there are false positives in the 

reconstructed image, which may be caused by noise or other factors. To solve the EIM 

problem, a breast is numerically approximated by a finite number of elements in the 3D 

domain. The element at a particular position with the corresponding value of conductivity 

or/and permittivity is chosen as the unknown (degree of freedom). For a chosen discretization 

of a breast, if ignoring the noise in the measurements, the number of degrees of freedom of 

this system is determined by the number of the independent measurements. More independent 

measurements provide more constraints to the field, which will decrease the number of 

degrees of freedom of the unknowns and hence is beneficial to the solution stability. Typically, 

increasing the number of electrodes is the most straightforward method to increase the 

number of independent measurements, however electrodes cannot be deployed in an 

unlimited manner due to their physical size; therefore flexible electrode arrays were studied 

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, 2003). The 

circular electrode array rotates through 90 degrees and for each rotation, 6 measurements are 

collected. According to their report, the rotation of the electrode array contributed to a 

dramatic increase in the number of independent measurements and thus achieved fairly high 

resolution images. Murphy and York (2006) proposed using non-stationary electrodes to 

monitor a mixing process, by fixing the electrodes onto the mixing impeller (Murphy and 

York, 2006). According to their simulations, the employment of the non-stationary electrodes, 

in an electrical impedance tomography (EIT) system, increases the number of the independent 

observations; as a result there are significant improvements in the resolution, the information 

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, Huang et al., 

2007). The REIT is equipped with 16 evenly distributed electrodes fixed on a ring rotational 

frame with a minimum and maximum rotation angle of 0.018 and 22.5 degrees respectively. 

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 both data acquisition and 

image reconstruction. To support this rotating design, a finer mesh is required to make sure 

that every electrode is located at a mesh element. 

Till now, only a few studies on rotary ring electrode array have been reported; the study 

of a movable planar electrode array is not available in the literature. The application of a 

moveable electrode array to EIT has not been widely studied as the following two problems 

are not solved: 1) the movement of the electrodes will perturb the field under investigation. In 

most EIT systems, electrodes are directly attached to the surface of the objects being 



measured. The movement of the electrodes may affect the conductivity or/and permittivity 

distribution of the field, as a result, the boundary measurements from a movable electrode 

system may be sampled on several different fields, thus it would be inappropriate 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 the breast. Even though 

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

will be extremely unreliable; 2) a moveable electrode array relies on a much finer 

discretization, which not only increases computational time but also may worsen the ill-posed 

problem. In the EIT inverse problem, the electrodes are modeled by the mesh nodes or mesh 

elements at the corresponding positions. As the electrodes rotate, to record data from different 

positions, the measuring density (or the positions of the electrodes) will increase. To ensure 

that all the measuring electrodes are modeled by proper mesh nodes or mesh elements, the 

traditional method is to use a finer mesh, thus the more movements the electrode array makes, 

the finer the mesh is. However, studies suggest that a significantly finer mesh, whose 

elements are far smaller than the size that the system can distinguish, will result in greater 

ill-conditioning (Gisser et al., 1990, Tang et al., 2002). Thus, using a moveable electrode array 

in the EIT systems needs to: 1) prevent the disturbances from the moveable electrode array to 

the field under investigation; 2) avoid using an unreasonably fine mesh to support the 

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 the resolution; 

however before manufacturing new equipment, sufficient and comprehensive simulations are 

necessary to analyze the advantages of the new design. This will forecast how much 

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 rotary planar 

electrode array to the EIM system for breast cancer detection; 2) proving that the rotary planar 

electrode array EIM (RPEIM) system will contribute to better accuracy, resolution, and 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 

close-to-realistic digital breast phantom. This paper is organized as follows. Section 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. Section 3 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 A brief introduction 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., 2014d, Sze, 2012); 

however we are also aware of the limited ability of the MK4 system in image resolution and 

reliability. The RPEIM system is an upgraded version of the Sussex MK4 system, which aims 



to enhance the performance of our EIM system. The appearance of the RPEIM system is the 

same as 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 an 

adjustable scanner head, which is shown in Figure 1. The support tank is used to support and 

fasten the breast container to prevent its movement. The breast container is replaceable and 

has different sizes to accommodate different brassiere cups. The differently sized breast 

containers have the same diameter, which is 18cm but varying depths, which are 1 cm, 1.5 cm, 

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

(Figure 1 in green). The bottom of the breast container is 3mm thick and made from 

conducting material with a conductivity of approximately 0.05 S/m (Figure 1 in blue). The 

scanner head is a planar electrode array. It is adjustable in the vertical direction and rotatable 

in the horizontal plane. The rotation range is from 0° to 60°. The RPEIM system 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 method, please 

refer to (Sze, 2012, Zhang et al., 2014c).  The improvement of the RPEIM system is that the 

rotation of the planar electrode array will significantly increase the number of the independent 

measurements. The examination process is: 1) choose an appropriately sized breast container 

for the patient; 2) fill the breast container with the body-temperature saline with a 

conductivity of 0.05 S/m; 3) the patient lies on the bed with a breast in the container; 4) raise 

up the scanner head to engage the electrodes with the bottom of the container and acquire a 

group of measurements; 5) move the scanner head to the start position; 6) rotate one degree, 

and return the scanner head to the measurement position and collect another group of 

measurements, 7) repeat 5) and 6) until sampling is finished. The employment of the breast 

container avoids breast movements during examinations as the scanner head rotates, so that 

all the measurements correspond to the same conductivity distribution. The planar electrode 

array rotates within a 60° segment. Normally equal angular sample is adopted; thus if N 

groups of measurements are required in the 60° segment, the electrode array will sample at 

(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 rotation errors. For example, if 

we want 3 measurement positions at 0°, 20° and 40°, for the last measurement position, the 

electrode array goes from 0° to 40° rather than 20° to 40°. This will avoid the rotation error at 

20°. 

 

 

Figure 1. The data acquisition tank. (a) is a 3D view of the tank with the electrodes in the lowered 

position. (b) is the vertical cross-section of the tank 



2.2 The traditional method and the synchronous mesh method for the rotary-electrode EIT 

system. 

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

is subdividing the mesh in the area near the electrodes. This is an effective method for the 

rotary ring electrode array, as normally the number of the electrodes of the circular array is 

small and the mesh in use is 2D, so the number of mesh elements won’t be too huge (for 

example Figure 6 in reference (Yu et al., 2006)). However the traditional method is not 

suitable for the RPEIM system for the following reasons: 

(1) Using the traditional method will significantly increase the data volume and the 

computational time. Figure 2 (a) shows the 2D mesh for the static detection, where the 85 red 

dots indicate the positions of the electrodes of the planar electrode array. Figure 2 (b) shows 

the the subdivided mesh to support the rotations of the planar electrode array, where the dots 

in different color indicate different measurement positions of the planar electrode array. The 

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

3D mesh nodes and elements are 421 × (𝐿 + 1) and 780 × 3 × 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 elements are 673 ×

(𝐿 + 1) and 1284 × 3 × 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 mentioned before, 

if the elements are far smaller than the size that the system can distinguish, it will lead 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 ideal element for 

the finite element method (FEM) is the regular triangle (for the 3D problem, it is regular 

tetrahedron). Conversely, if the elements are far from the regular triangle/ tetrahedron, it will 

cause great computational error; however there are many elements in Figure 2 (b) which are 

far from the regular triangle. 

(4) The sizes of the elements in Figure 2 (b) vary over a large range. This will cause 

nonuniform resolution of the reconstructed conductivity maps. 

 
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 locate at the same mesh nodes 

 
Figure 2. The meshes for the RPEIM system using the traditional method. (a) is the mesh for 1 

measurement position. (b) is the mesh for 4 measurement positions. (c) is the amplification of the 

area highlighted by the red frame in (b). The spots indicate the positions of the electrodes. 

 



or mesh elements. In the RPEIM system, we still use the point electrode model (PEM), which 

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 electrodes at 

the original position 0°; Figure 3 (b) indicates that the electrodes have rotated 30° and the 

mesh rotates together with the electrodes 30°. The 19 highlighted dots in Figure 3 (a) and (b) 

indicate the same electrodes but at a different measurement position. The two big dots 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 the electrodes not 

participating in the data acquisition in this hexagonal measurement area. Figure 3 only 

presents one excitation event and its corresponding measurements; to understand the method 

that the hexagonal measurement area scans the whole filed, please refer to reference (Zhang et 

al., 2014d) and (Sze, 2012). By using the synchronous mesh method, the number of meshes in 

use is equal to the number of measurement positions. 

 

2.3 The forward problem  

In the numerical modeling of the forward problem, we set up phantoms using analytic 

geometry first and then use a mesh to discretize it. The conductivity values of the mesh 

elements are equal to the conductivity at their centers. A close-to-real 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 corresponding to a brassiere size of 34C. 

The breast container is 3cm in depth. The maximum diameter of the breast is 15cm. The 

diameter of the contact area between the breast and the bottom of the breast container is 9cm. 

The breast skin is 1.55 mm in thickness (Sutradhar and Miller, 2013) and the conductivity 

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 lactiferous lobe follows a 

tree branching pattern, with the terminal ducts connecting with the acinus (The breast 

Anatomy, 2013). Thus in the phantom, a network of cylinders, arranged in a tree 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 ducts (the first generation 

ducts developing from the nipple) have random values between 2.0 and 4.5 mm (Dähnert, 

2007); the lengths of the major ducts have random values from 6.0 to 8.0 mm. The number of 

 
Figure 3. Two positions of the fine mesh, the planar electrode array and a hexagonal measurement 

area. (a) is the display of the original position. (b) is the display of the rotated position at 30°. 

 



the branches is a random value from 3 to 5. The lengths and the diameters of the ducts 

randomly decrease in the next generation as the ducts branch. At the ends of the last 

generation, the acini are connected with them. The nipple is a cylinder with a diameter of 10 

mm and a projection of 10 mm (Hussain et al., 2003). The ducts, the acini and the nipple 

compose the mammary gland; they are assigned a conductivity value of 0.35 S/m (Jossinet, 

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 gland; therefore it is given a conductivity of 0.2 S/m. An 

ellipsoid is randomly placed on a duct to represent a ductal carcinoma (tumor), it has a 

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] cm. The other part of 

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

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

 

 

The mesh, used to discretize the field in the breast container, is shown in Figure 5, it has 

7 layers, 65,520 elements and 12,968 nodes. The bottom layer has 9,360 elements with a 

height of 3mm and conductivity of 0.05 S/m indicating the discretized bottom of the breast 

container. The other 6 layers are 5mm in height and have 56,160 elements in total, which are 

 

Figure 4. The analytic geometry model of a cancerous breast phantom. (a), (b), (d) are the XY view, 

the 3D view and the XZ view of the breast phantom. (c) shows the acinus, the tumor and the gland 

area. (e) shows the ducts, in which the red trace illustrates one route of the ducts. (f) is the tumor. 

 

Figure 5. Meshes in the forward problem. (a) is the 2D fine mesh with the electrode arrangement. 

(b) is the 3D fine mesh applied to the forward problem. 



used to discretize the field within the breast container including the breast phantom and the 

background saline. If the conductivity distribution in the breast container is σ(𝑥, 𝑦, 𝑧), the 

conductivity values of the mesh elements are 

  p
i
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i
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p
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where 𝜎𝑖
𝑝

 indicates the conductivity value of the ith element of the pth mesh for the pth 

measurement position, (𝑥𝑖0
𝑝
, 𝑦𝑖0

𝑝
, 𝑧𝑖0

𝑝
) indicate the coordinate of the center of the ith element 

of the pth mesh. The discretized breast phantom corresponding to the original mesh and the 

30°-rotation mesh are shown in Figure 6. We suggest using parallel computation to find the 

conductivity value of each element, as the computational time is very large. The breast 

phantom in Figure 4 is a small model with only about 4000 structures; however it requires at 

least 2.5 hours to work out the values of the elements for 4 measurement positions, using 20 

i7[cc1] cores. 

 

Knowing the conductivity values of the meshes, we can compute the voltage 

measurements. Assuming that there are E elements and N nodes in the mesh of the forward 

problem, the relationship between the current excitation and potential distribution is given by 

(2) (Dong et al., 2005, Xu et al., 2005, Babaeizadeh et al., 2006). 
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where Y  is the forward solver, which is a sparse NN   matrix determined by the vertex 

coordinates and the conductivity values of the mesh elements,   is the 1N  vector 

denoting the unknown nodal potential,  N ;;; 21  , Q  is the 1N  vector denoting 

the known nodal current,  NQQQQ ;;; 11  . If the current is excited between the pth and the 

qth nodes, 
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Figure 6. The discretized breast ohantom. (a) to (c) show the cross-sectional images of layer 1, 3, 5 

in the mesh at the start position. (d) to (f) show the cross-sectional images of layer 1, 3, 5 in the 

mesh at the 30° position. 



where nQ  denotes the nth element of Q ,  Nn ,,2,1  , C is a scalar equal to the current 

amplitude. For a direct-current supply, C is a constant; otherwise it is a function of time  tC . 

The voltage measurements between the jth and the hth node are 

 
pq
j

pq
h

pq
jhV    ( 4 ) 

where 
pq
jhV  indicate the voltage measurements between the jth and the hth node under the 

excitation between the pth and qth node, 
pq

h  and 
pq
j  indicate the potential at node h and 

j, under the excitation at node p and q. By using (1) to (4), we can evaluate the simulated 

voltage measurements. 

In this simulation, we collect voltage measurements from 4 measurement positions. The 

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 circuit, is ±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 of the ith measurement, 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. Finally we get four groups 

of measurements at 0°, 15°, 30° and 45°, denoted by 
1V , 

2V ,
3V , and 

4V . 

 

2.4 The inverse problem 

In the EIT inverse problem, the boundary measurements are known; the conductivity values 

of the mesh elements are the underdetermined parameters. To save computational time and 

avoid exacerbating 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 layer is 3 mm indicating 

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 rather than 

the voltage differences to do the image reconstruction. Assuming that there are cE  elements 

and cN  nodes in the coarse mesh and M boundary measurements for one measurement 

position, the iterative image reconstruction algorithm is (5). For detailed information of this 

image reconstruction algorithm, please refer to reference (Sze, 2012, Barber, 2005, Zhang et 

al., 2014a, Zhang et al., 2014b). 

 
Figure 7. The addition of noise to the simulated measurements 
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where: F  is the cEM   sensitivity matrix, which is determined by the coordinates of the 

mesh nodes and the conductivity values of the mesh elements,   is 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), I  is the unit matrix, 

ref  is a 1cE  vector indicating the reference conductivity distribution, which normally is a 

uniform field. In our case, the reference medium is saline and the conductivity is 0.05 S/m. 

V  is the 1M  vectors indicating the real measurements. nV  
indicates the nth predicted or 

simulated voltage measurements corresponding to the reconstructed conductivities n . In the 

real experiment,  nVVln  in (5) is replaced by 
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where: refV  denotes the real reference measurements from the saline, refsimV _  denotes the 

simulated reference measurements. Equation (6) will make sure that the real measurements 

and the simulated measurements could be compared separately, so that it will avoid the error 

caused by computer modelling. However in this paper, V  is evaluated by simulations, so (5) 

is the equation we need. 

 

The synchronous mesh requires different subdivisions of the field in the tank, which 

means if there are N groups of measurements, N 3D meshes corresponding to the N 

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 hope that all the groups 

of the measurements could interact with each other and finally achieve one 3D map, which is 

expected to be much better than any result from a single group of measurements. We propose 

the following steps to solve this problem: 1) make N 3D fine meshes for the forward problem 

and N 3D coarse meshes for the inverse problem; 2) solve the forward problems with some 

assumed conductivity and get N groups of predicted voltage measurements; 3) obtain the N 

groups of conductivity values (corresponding to coarse meshes) by using the image 

reconstruction algorithm; 4) map the conductivity values from the N 3D coarse meshes to the N 

3D fine meshes (the mapping algorithm is shown in (7) ); 5) if the conductivity distribution is 

 
Figure 8. Meshes in the inverse problem. (a) is the 2D coarse mesh with the electrode arrangement. 

(b) is the 3D coarse mesh applied to the inverse problem.  



satisfied, make the N 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 

phantom in Figure 4 as an example. Applying the four groups of measurements 
1V , 

2V , 
3V , 

and 
4V  to (5), the corresponding conductivity values 

1
1_coarse , 

2
1_coarse ,

3
1_coarse , and 

4
1_coarse  are computed, where ‘coarse’ indicates the coarse mesh, 1 in the subscript 

indicates the first iteration, 1-4 in the superscript indicate the indexes of the measurement 

positions. 
1

1_coarse  and 
3

1_coarse  are visualized in Figure 9.  

 

The four groups of conductivity values are the reconstructed results of the same field but 

from different measurement positions. The complementary information from the four different 

measurement positions will increase the reliability of the result. Merging the conductivity 

values of the four coarse meshes into four fine meshes will strengthen the common knowledge 

and reduce the disagreements (for example the mesh and the noise). The mapping algorithm is: 

     Pji
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pp
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pp
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where P  is the number of the measurement positions, 
pi  indicates the ith element of the pth 

3D fine mesh, 
pj  indicates the ith element of the pth 3D coarse mesh, 

p
nfine _ and 

p
ncoarse_  

denote the conductivity values from the nth iteration, of the pth 3D fine and coarse mesh 

respectively. If  iii zyx ,, indicates the coordinate of the center of pi ,  )(ke p
coarse  indicates 

the space of the kth element of the pth coarse mesh, 

   )(,, kezyxifkj p
coarseiii

p   ( 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 Figure 10. 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 of the fine 

 

Figure 9. The reconstructed conductivity of the first iteration. (a) to (c) show the reconstructed 

conductivity at the first measurement position (0°). (d) to (f) show the reconstructed conductivity at 

the third measurement position (30°). The color bar indicates the conductivity scale. 



meshes, four groups of the predicted voltage measurements 
1

1V , 
2

1V , 
3

1V  and 
4

1V  can be 

computed, where 1 in the subscript indicates the first iteration, 1-4 in the superscript indicate 

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 into one 3D picture or 

several cross-sectional pictures. The value of each pixel is  

     PhzyxI
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where  zyxI ,,  indicates the conductivity value of the 3D space in the breast container, P  

denotes the number of the measurement positions, 
ph  denotes the hth element of the pth 3D 

fine mesh, 
p

nfine _  denotes the reconstructed conductivity value of the pth 3D fine mesh of 

the nth iteration. If  Ke
p
fine  denotes the space of the Kth element of the pth fine mesh, 
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Figure 11 shows the final cross-sectional images, which is contributed by the conductivity 

values of the four 3D fine meshes of the second iteration. The number of the pixels is 201×201. 

The big bright circular area in the first cross-sectional image is caused by the highly conductive 

skin. The bright area in the center of the second cross-sectional image is the image of the gland 

area. Before analyzing the second cross-sectional image, let’s refer to the breast phantom in 

Figure 4 (a) and the discretized breast model in Figure 6 (b) and (e) to get the features of the 

breast: the ducts and acinus distribute similarly to an ellipse with two ends pointing to 11 and 6 

O’clock. The red area in the center of Figure 11 (b) is consistent with these features, which 

indicates the cluster of the ducts and acinus. The darkest area in the center is caused 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 the highly conductive 

skin. The dark area in between the gland area and the skin is the adipose tissue. In the third 

cross-sectional 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 (Bouchette et al., 2014); 

 

Figure 10. The conductivity values of the fine meshes at measurement position 0° and 30°.  (a) to 

(c) show the conductivity of the 3D fine mesh at 0. (d) to (f) show the conductivity of the 3D fine 

mesh at 30°. The color bar indicates the conductivity scale. 



the ducts and the acinus are not well imaged, as they are far from the electrodes. The data 

volume of the EIT problem is determined by the mesh. To make this program work, it requires 

at least 16G RAM. The computational time of the EIT problem is affected by the meshes, the 

algorithms and the number of measurement positions. The computational time is almost linear 

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. 

 

3. Result 

3.1 Evaluation method 

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

target object and its image, which include the location parameters (the center of the tumor) 

and the shape parameters (the length and the width of the tumor). In this breast phantom, the 

target object is the tumor, which is defined as an ellipsoid and satisfies 

 
   

1
2

0

2

0

2

0 








c

zz

b

yy

a

xx
 ( 11 ) 

where  000 ,, zyx  is the center of the ellipsoid, which is [2.5, 0, 1.5] (cm). a, b and c are the 

semi-principal axes of the ellipsoid, which is [1, 0.75, 0.5] (cm). Comparing  000 ,, zyx , a, 

and b between the real object and its image will give an objective analysis of the image 

accuracy. We name this quantitative evaluation method as image processing based error 

analysis method. The procedure is as follows. Firstly, estimate the vertical position of the object 

of interest by comparing the image contrast of each layer. Assume that the center of the object is 

located in the layer with the greatest image contrast, named the layer of interest (LOI). 

Secondly, convert the RGB image of the LOI to a binary image, and then extract the edge 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. 
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Figure 11. The final reconstructed conductivity distribution of four measurement positions. (a) to 

(c) indicate the cross-sectional images at the bottom, middle and top of the tank . 



where 𝐼�̅�𝑏𝑗 is the average of 𝐼 greater than a threshold 𝑇 , BgI  is the average of 𝐼 smaller 

than the threshold 𝑇. In this case, 𝑇 is the conductivity value at half maximum of the 

conductivity range. 
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where LayerI
 

denotes the conductivity values of an image layer. For Figure 11, Layer 2 is the 

LOI, that is: the most likely object layer. Converting the RGB image of the LOI to a binary 

image, we get a logical matrix containing ones where the object is and zeroes elsewhere: 
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where BI  is the image intensity. Following this, edge extraction is used to locate the 

coordinates of the pixels on the edge of the object. Assume that  EE yx ,  are the coordinates 

on the edge, where  ENEEE xxxx ,,, 21  ,  ENEEE yyyy ,,, 21  , 𝑁  represents the 

number of the coordinates. The center of the object  00
~,~ yx  can be estimated using (15). 
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The size parameters can be computed by nonlinear least-squares curve fitting. For an elliptical 

object, 
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where: ba
~

,~minarg  means the argument a~  and b
~

, which minimize what follows, ‖ ‖2 

is the 2-norm, a~  and b
~

indicates the computed semi-principal axes of the ellipse. We also 

define a parameter D  to evaluate the whole distortion of the object. 
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where: 0x , 0y , 𝑎, 𝑏 are the parameters of the real model. A small D  value means a 

small difference between the image and the real object. If there is more than one object in the 

same layer, the total distortion is  
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where: Num indicates the number of objects. 
i
Ex  and 

i
Ey  indicates the coordinates of the 

points on the edge of the ith object;  ii yx 00 ,  indicates the center of the ith object, ia  and ib  

indicate the size of the ith object; N is the total number of points on the edges of the N objects. 



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 greater than an optimum 

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 Figure 11, Figure 12 and Figure 13, the RPEIM system gives a 

significant improvement in image accuracy over the MK4 system; however for the RPEIM 

system, the result from eight measurement positions doesn’t show 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 trades off the 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 error 

analysis method, we get the position and shape parameters of the tumor, which are tabulated 

in Table 1 and plotted in Figure 15, this explores the relationship between the number of 

rotations and the physical location errors of the tumor. 

 

 

 

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

 

Figure 12. The reconstructed conductivity maps of the digital breast phantom using the MK4 system 

 

Figure 13. The reconstructed conductivity maps of the digital breast phantom using the RPEIM 

system with 8 measurement positions 

 

 

Figure 14. The edge of the tumor corresponds to different numbers of measurement positions. (a) 

is from the MK4 system. (b) to (f) are from the RPEIM system using 2, 3, 4 and 8 measurement 

positions. 



triangular shape of the elements; however as the number of the measurement positions 

increases, the shape accuracy of the tumor is significantly improved. Table 1 and Figure 15 

present the critical parameters of the image and give a quantitative analysis of the relationship 

between the image accuracy and the number of measurement positions. According to Table 1 

and Figure 15 (a), the image contrast drops from 10.27 for the MK4 system to 5.85 for the 

RPEIM system with 5 measurement positions and then becomes stable. In image 

reconstructions, because of the ill-posed nature and the influence of the noise, there will be 

some mesh elements having abnormally high or low conductivity values, which results in a 

big image contrast for the MK4 system; however when we have several measurement 

positions and use the merged value to denote the conductivity value at [𝑥, 𝑦, 𝑧] , the 

abnormally high or low values will be averaged, resulting in a reduced image contrast. The 

image contrast doesn’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 image accuracy of 

the tumor, including the location and the shape of the tumor. In Figure 15 (a), the curve of the 

image distortion (D) drops sharply from 1 to 4 measurement positions and becomes stable 

from 4 to 7 measurement positions and then slightly rises at 8 measurements positions. This 

indicates that there is a significant improvement of image accuracy as the number of 

measurement positions increases from 1 to 4, after which the improvement becomes very 

marginal. The center shift is the distance between the centers of the real object and its image, 

which assesses the positional accuracy. According to Figure 15 (b), the positional error 

doesn’t get smaller 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 error of the tumor. As the 

number of measurement positions increases to 3, the size error stabilizes. By comprehensively 

analyzing the reconstructed conductivity distributions, the outlines of the tumor in Figure 14 

and the critical parameters in Table 1 and Figure 15, and also considering the computational 

time, we suggest three to 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 

 



 

3.3 The Spatial Resolution of the RPEIM System 

A breast phantom with two tumors in Figure 16 is used to illustrate the advantage of the 

RPEIM system in spatial resolution. The two tumors are the same size with length of 2 cm, 

width of 1.5 cm, and height of 1 cm, but they are placed perpendicularly. Tumor 1 is placed at 

[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 resolution of a EIT system is 

considered relative to the electrode density and the distance to the electrode array (Hartov et 

al., 2005). According to the electrode arrangement of the MK4 and RPEIM system, it can at 

least distinguish the two objects at the electrode-contact plane with a separation distance of 

about 1.7 cm. In this case, we aim to show the improvement in spatial resolution using the 

RPEIM system, by separating the two objects with a distance smaller the adjacent electrode 

distance. 

 

Figure 17 and Figure 18 present the reconstructed image from the MK4 system and the 

RPEIM system with five measurement positions respectively. Clearly Figure 18 is much 

closer to the digital breast phantom than Figure 17. For the case with two tumors, we use two 

steps to assess the image accuracy: general analysis which analyzes the image as a whole and 

further analysis which analyzes the region of interest (ROI). Step 1: roughly establishes the 

location and size parameters of the two tumors from Figure 18 (b), using the image 

processing based error analysis method. When two (or more) tumors are close together in the 

breast, one will affect the reconstructed conductivity of another and its surrounding area, 

especially for the region in between them. In this situation, using the threshold at half 

maximum of the conductivity range may be inappropriate. The threshold in this case is 0.25 

    

Figure 15. Relationship between the image quality and the number of measurement positions. (a) 

shows the conductivity contrast and the object distortion versus the number of measurement 

positions. (b) presents the size and the position errors of the object versus the number of measurement 

positions. 1 on the X axis indicates the results from the MK4 system 

 

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



S/m, which is a minimal value that separates 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 density gland than 

Tumor 2 and the signal from the high density gland is so strong that it affects the detection 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 19 (b) and (d), along the 

black lines in Figure 19 (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 clearly separated 

humps with a boundary-to-boundary distance of 0.99 cm, which is consistent to the breast 

model. Please note the difference from 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 the conductivity 

scales of the two tumors are different in Figure 19 (d). If we take the inflection points 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 tumors are at the 

middle of the two humps, the coordinates of the tumors’ centers on the y-axis are 0.88 cm and 

-1.24 cm. By observing the cross-sectional images in Figure 17 and the conductivity 

distribution of the ROI in Figure 19 (b), we find that when the boundary-to-boundary distance 

of the two tumors are equal to 1cm, it is difficult for the MK4 system to separate the two 

tumors and get accurate positions for them. However by observing Figure 18 and Figure 19 

(d), we conclude that 1) the RPEIM system can separate the two tumors with a 

boundary-to-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 MK4 system. (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 the RPEIM system with 

5 measurement positions. (a) to (c) indicate the cross-sectional images from the bottom to the top. 

 



 

 

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 have a better 

noise tolerance. To prove this point, we still use the breast model in Figure 4. We add 30 dB 

white Gaussian noise and ±1% random multiplicative noise to the simulated measurements 

at the 500 kHz operating frequency. For 1000 samples, the SNR of the whole system is 

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 with different 

noise levels, the reconstructed result in Figure 20 is seriously affected by the noise. The red 

elements at 12 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. The highly conductive 

elements at 3 o’clock indicate the presence of the tumor. By comparing Figure 11 and Figure 

21, which are all from the RPEIM system with 4 measurement positions, we find that 

reducing the SNR from 70dB to 45 dB doesn’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 still clear and 

Table 2. The roughly estimated parameters of the two tumours (Step 1) 

Tumour 1 

Parameters Real value Estimated value Error 

Horizontal centre (cm) [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 centre (cm) [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 tumors 0.64 

 

 

Figure 19. The conductivity distribution of the ROI. (b) and (d) plot the conductivity distribution 

of the region on the black lines in (a) and (c). (a) and (c) are the images from Figure 17 (b) and 

Figure 18 (b) respectively. (d) shows the further analyzed parameters from Step 2. 

 



consistent with the breast phantom. Comparing Figure 20 and Figure 21, which are from 

different systems but with the same noise level, we find that the conductivity distribution in 

Figure 21 from the RPEIM system is much closer to the breast phantom than that in Figure 20. 

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 as that from the MK4 

system; 2) for the same noise level but different systems, the RPEIM system performs better 

than the MK4 system in image accuracy. These two points prove that the RPEIM system has 

a better noise tolerance than the MK4 system. 

 

 

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 up a digital breast 

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 maps of the real 

patient and the breast phantom, which will demonstrate that the digital breast phantom is a 

good replica of the breast of Patient 0703; 2) we compare the conductivity maps from the 

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 simulation, this 

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 Patient 0703’s left breast, 

in which LMLO and LCC indicate the mediolateral-oblique (MLO) and craniocaudal (CC) 

view of the left breast (the first L indicates the left breast). For detailed information of using 

the MK4 system to examine Patient 0703, please refer to reference (Zhang et al., 2014d). The 

breast phantom of Patient 0703 is set up according to both the X-ray images and the 

conductivity maps. Before setting up the breast phantom, it should be emphasized that the 

 

Figure 20. The reconstructed result from the MK4 system, with SNR of 45 dB. (a) to (c) indicate the 

cross-sectional images from the bottom to the top. 

 

 

Figure 21. The reconstructed result from the RPEIM system of four measurement positions, with 

SNR of 45 dB. (a) to (c) indicate the cross-sectional images from the bottom to the top. 

 



breast phantom cannot be exactly the same as the real breast as the inner structure and the 

exact conductivity values of the breast tissues are unknown, but the breast phantom can be 

close to the real breast, if it is carefully defined according to the features of the real breast. 

The cup size of Patient 0703 is C. In examination, the thickness of the breast is pressed to 

1.8cm by the MK4 system. The features of the breast of Patient 0703 are: 1) according to 

Figure 22 (a), the mammary gland in the caudal breast 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 mammary gland on the left 

hand side is dense and has a round profile; however the mammary gland on the right hand 

side is not dense and has an almost straight profile, so the breast phantom is built as Figure 23 

(c); 3) according to Figure 22 (c) and (d), the tumor is at the upper outside quadrant; 4) 

according to Figure 22 (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 features, we set up the 

breast phantom of Patient 0703 in Figure 23. The size and location of the tumor is estimated 

according to the conductivity maps, which is located at [-2.98 1.47 0.9] (cm) and has a size of 

0.7 cm in width, 1.3 cm in length and 0.5 cm in height. The conductivity values of the breast 

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 MSa/s, the 

sample number is 1000, the ADCs are 14 bit, the background noise is 60dB white Gaussian 

noise, and the multiplicative noise is ±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 of the tumor. The 

red area in the center is caused by the gland. By comparing Figure 22 (c) (d) and Figure 24, 

we find that 1) the size and the location of the tumor in Figure 22 (c) (d) and Figure 24 are 

similar; 2) the areas of the gland (the red area in the center of the conductivity maps) in 

Figure 22 (c) (d) and Figure 24 are similar; 3) both Figure 22 (c) and Figure 24 (a) have a less 

conductive area in the UIQ and the shapes of the less conductive areas are similar; therefore 

we conclude that 1) the breast phantom could simulate the conductivity distribution of a real 

breast at the precision that the EIT systems can distinguish; 2) the digital breast phantom is 

valuable for the mock clinical trials of EIT. Knowing that the breast phantom of Patient 0703 

could contribute to a similar conductivity map with the real examination, we 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 RPEIM system with 

five measurement positions. Comparing Figure 24 and Figure 25, we 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 the mesh are 

significantly reduced, the image of the tumor is much clearer, and the spatial resolution of the 

conductivity maps is significantly improved. 



 

 

 

 

4. Discussion 

The advantages of the RPEIM system compared with the former MK4 system are: high 

accuracy, high spatial resolution and good tolerance to noise.  

Regarding the accuracy, to make a reliable performance assessment of the RPEIM 

system, we define some critical parameters, which include: conductivity contrast, object 

center, object size (length and width), errors of object center and size, and object distortion. 

These parameters are plotted and tabulated in Figure 15 and Table 1 to investigate the 

relationships between the image accuracy and the number of measurement positions. 

 

Figure 22. X-ray images and conductivity maps of Patient 0703, tumor indicated by red circle. (a) 

and (b) are the LMLO and the LCC image. (c) and (d) are the conductivity maps of the bottom and 

the top layer. 

 

 
Figure 23. The breast phantom of Patient 0703. (a) shows the compressed breast in the breast 

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

 

 

Figure 24. The conductivity distribution of 
the breast phantom of Patient 0703 
detected by the MK4 system. 

 

Figure 25. The conductivity distribution 
of the breast phantom of Patient 0703 
detected by the RPEIM system with 5 
measurement positions, using two layers. 



Generally the RPEIM system generates better results than the MK4 system. For the RPEIM 

system, we suggest three to five measurement positions: three measurement positions is 

preferred for speed; five measurement positions is preferred for higher accuracy. 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 significant improvement 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 and the two 

tumors are clearly separated. By plotting the conductivity distribution across the centers of the 

two tumors in Figure 19 (d), we estimated that the boundary to boundary distance is equal to 

0.99 cm. This result is very close to the real distance of 1cm. Thus, we believe that the 

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 averaged by the algorithm 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 the MK4 system. 

Comparing these two results, we can find that as the noise increases, the image quality 

deteriorates seriously.  Figure 11 and Figure 21 present the reconstructed results of the same 

breast model, by 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, we firstly built a 

digital breast phantom in Figure 23. By comparing the simulated result in Figure 24 with the 

experimental result in Figure 22, we conclude that 1) the digital breast phantom is a close 

replica of the real breast; 2) the digital breast phantom could be an alternative 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 the results in Figure 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 future work 

The RPEIM system is superior to the MK4 system in image accuracy, spatial resolution and 

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 a more accurate 

result. The synchronous mesh method avoids refining the mesh to support the electrode 

rotations; therefore it prevents greater ill-conditioning caused by the fine mesh. The rotations 

of the mesh, together with the electrode array, permit the conductivity maps to be 

reconstructed at different angles. The mapping algorithm merges the conductivity values of 

the coarse meshes into the values of the fine meshes, and finally combines them into one 3D 

image or several cross-sectional images. This minimizes the influence of the mesh and makes 

the conductivity distribution smooth, not lumpy, hence giving better spatial resolution. The 

final image is reconstructed from several groups of measurements; therefore the random noise 

from one group of measurements will be ameliorated, hence delivering better noise tolerance.  

In general, the RPEIM system with the synchronous mesh benefits the image accuracy, spatial 

resolution and noise tolerance. However the improvement of the image quality is not linear 

with the number 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 model applicable to EIT is 

proposed in this paper. This is valuable in the mock clinical situation as it provides unlimited 

data for EIM assessment and helps to set the tumor detection requirements for a particular 

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. In the future, we will 

consider the difficulties of the planar electrode array in detecting the tumor in remote regions, 

and work on the improvement of the sensitivity in depth. 
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