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Abstract— The conductivity values of cancerous tissues in the 

breast are significantly higher than those of surrounding normal 

tissues. Breast imaging using MREIT (Magnetic Resonance 

Electrical Impedance Tomography) may provide a new 

noninvasive way of detecting breast cancer in its early stage. In 

breast MREIT, the conductivity image quality highly depends 

on the amount of injected currents assuming a certain 

signal-to-noise ratio (SNR) of an MRI scanner. The injected 

current should not produce any significant adverse effect 

especially on the nerve conduction system of the heart and still 

distinguish a small cancerous anomaly inside the breast. In this 

paper, we present results of experimental and numerical 

simulation studies of breast MREIT. From breast phantom 

experiments, we evaluated practical amounts of noise in 

measured magnetic flux density data. We built a realistic 

three-dimensional model of the human breast connected to a 

simplified model of the chest including the heart. We performed 

numerical simulations of various scenarios in breast MREIT 

including different amplitudes of injected currents and predicted 

SNRs of MR images related with imaging parameters. 

Simulation results are promising to show that we may detect a 

cancerous anomaly in the breast while restricting the maximal 

current density inside the heart below a level of nerve excitation. 

I. INTRODUCTION 

Early diagnosis is the key to increase the survival rate from 
the breast cancer. There have been active researches on 
imaging the breast based on the fact that cancerous tissues in 
the breast have much higher conductivity values than those of 
normal breast tissues [1,2]. Several electrical impedance 
imaging methods and experimental studies have shown their 
pros and cons in detecting a cancerous anomaly in the breast 
from conductivity images [3-7]. However, all of these 
impedance imaging methods have not yet reached the stage of 
routine clinical uses primarily due to their limitations in 
spatial resolution, accuracy and reproducibility.  

Magnetic resonance electrical impedance tomography 
(MREIT) is a new bio-imaging modality to produce 
high-resolution conductivity images using an MRI scanner [8]. 
It is based on the current-injection MRI technique where the 
MRI scanner is used to obtain the images of internal magnetic 
flux density (Bz) distributions induced by externally injected 
currents [9,10]. Numerous conductivity image reconstruction 
methods have been suggested to produce conductivity images 
with a pixel size of a few millimeters [11]. Kim et al [12] 
presented MREIT human leg imaging results and suggested 
numerous clinical applications. MREIT may potentially be 
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useful for the diagnosis of breast cancer if we can restrict the 
amount of injected currents not to produce adverse effects 
especially on the nerve conduction system of the heart.  

In this paper, we perform a feasibility study of breast 
MREIT incorporating the latest technical developments in 
MREIT. We will first describe experimental studies using a 
breast phantom to evaluate noise levels in measured magnetic 
flux density data from a clinical MRI scanner. We will then 
present three-dimensional numerical simulation studies of a 
realistic breast model to find whether one can distinguish a 
small anomaly in the breast from reconstructed conductivity 
images. Connecting the breast model to a simplified chest 
model including the heart, we will also check the amount of 
current density in the heart produced by externally injected 
currents through electrodes on the surface of the breast. 

II. METHODS 

A. Breast Phantom Imaging Experiment 

We built an acrylic phantom of the thorax (30×14×15 cm
3
) 

and breast (11 cm in diameter). After filling the phantom with 
saline having conductivity of 0.12 S/m, two different 
biological tissues of porcine muscle and chicken breast were 
positioned in the phantom (Fig. 1a). Their conductivity values 
were 0.64 and 0.60 S/m, respectively. We attached four 
carbon-hydrogel electrodes around the breast area of the 
phantom and chose the electrode configuration in figure 1(b) 
for two current injections (I1, I2).  

We placed the phantom inside the bore of the 3T MRI 
scanner (Siemens Medical Solutions, Erlangen, Germany) 
with a multi-channel breast coil. Using a custom-designed 
MREIT current source, we injected the current varying the 
amplitude from 3 to 0.5 mA with the total pulse width of 30 ms. 
We used the multi-echo ICNE pulse sequence [13] with 
TR/TE = 800/20 ms, FOV = 180× 180 mm

2
, slice thickness = 

4 mm, number of averaging = 8, matrix size = 128× 128, and 
number of slices = 7. 

 

Fig. 1. (a) Top-view of breast phantom with two different biological 
tissues and (b) current injection method. 
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B. Noise Estimation 

Since we extract Bz data from acquired MR phase images, 
they are contaminated by noise, of which amount is the 
primary limiting factor in detecting an anomaly from a 
reconstructed conductivity image. We can express the noise 
standard deviation s in measured Bz data as 

Mc
YT

s
2

1
         (1) 

where γ = 26.75× 10
7
rad/T•s is the gyromagnetic ratio of 

hydrogen, Tc is the total current injection time and ΥM is the 
signal-to-noise ratio (SNR) of the MR magnitude image [14]. 
Using (1), we can estimate the noise level in measured Bz data 
from phantom imaging experiments. Here, we note that the 
MR magnitude image SNR ΥM is influenced by numerous 
imaging parameters as well as tissue properties such as T1 and 
T2 values. Since we need to estimate the noise standard 
deviation in measured Bz data from the human breast, we 
consider the following conversion formula: 
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where Δx, Δy, Δz are pixel sizes, N is the number of averaging, 
Nx, Ny, Nz are numbers of pixels and Δt is the dwell time. Note 
that the subscript 0 indicates the values for the case where the 
noise standard deviation s0 is evaluated from a certain imaging 
experiment.  

C. Numerical Simulation 

We built a three-dimensional model of the breast 
connected with simplified chest region including the ellipsoid 
shape heart as shown in figure 2(a). In-order to produce more 
uniform current distribution inside breast we attached two 
large pair of electrodes. The discretized model consists of 
319,753 tetrahedral and 44,263 triangular elements. In this 
simulation, quadratic interpolation function with 2,985,532 
degrees of freedom was used. Table 1 summarizes 
conductivity values of the different tissues used in the 
numerical simulation, described in Gabriel et al [15].  

Table 1. Conductivity values of different tissues used in numerical 

simulations. The conductivity of the cancerous anomaly was assumed to be 

five times larger than that of the glandular tissue. For the chest and heart 

regions, we used average conductivity values of different tissues included in 

the regions. 

 

Region Glandular tissue Subcutaneous fat Chest Heart 

Conductivity 

[S/m] 
0.0226 0.0196 0.2194 0.3480 

 

Using the MREIT simulator [16], we generate two 
independent current voltage uj and current densities Jj and 
estimate magnetic flux densities Bz,j for j = 1, 2 using 
Bio-Savert law. In the simulated Bz,j data, we added Gaussian 
noise of proper standard deviation values computed by using 
(2). For conductivity image reconstructions, we used the 

harmonic Bz algorithm [17, 18] implemented in CoReHA 
(conductivity reconstructor using harmonic algorithms) [19]. 

 

Fig. 2. (a) Three-dimensional model, (b) mesh and (c) quality of mesh 
element. 

III. RESULTS 

A.  Breast Phantom Images and Noise Estimation 

Figure 3(a), (b) and (c) are reconstructed conductivity 
images of the breast phantom using 3, 1 and 0.7 mA injection 
currents, respectively. Using the noise estimation method 
described in Sadleir et al [14], we evaluated the SNR ΥM of 
the acquired MR magnitude images and the noise level s in the 
Bz images and summarized the values in table 2. 

 

Fig. 3. Reconstructed conductivity images of the breast phantom using 
different amounts of injected currents: (a) 3, (b) 1 and (c) 0.7 mA. 

Table 2. MR magnitude image SNR ΥM and noise standard deviation s0 
in Bz images from the breast phantom experiment. 

Region Background Chicken breast Porcine muscle 

SNR, ΥM 1566 290 332 

Noise standard 

deviation, s0 [nT] 
0.0578 0.3118 0.2724 

 

B. Simulation Results 

Figure 4(a), (b) and (c) are plots of the computed voltage 
u1, magnitude of current density |J1| and magnetic flux density 
Bz,1 for the injected current I1 without any anomaly. We 
plotted differences of Δu1, Δ|J1| and ΔBz,1 when the three 
anomalies with 10, 5 and 2.5 mm diameters was included. We 
can see that the anomaly perturbed the distributions of u1, J1 
and Bz,1 and note that the values of Δ Bz,1 in the anomaly region 
must be greater than the noise level in measured Bz,1 data. We 
found similar results for the second injection current I2.  

Figure 5 plots true and reconstructed conductivity images 
of the three anomalies by using the computed noise-free data 
of Bz,1 and Bz,2 using the harmonic Bz algorithm [17,18]. 
Without noise, the MREIT imaging method can differentiate 
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an anomaly as long as its size is bigger than the pixel size of 
1.4 mm. 

Figure 6 shows reconstructed conductivity images of the 
three anomalies with 10, 5 and 2.5 mm diameters depending 
on different numbers of NEX and current amplitudes. The 
conductivity images clearly demonstrate the advantage of 
larger injection current amplitude and a larger number of 
averaging at the expense of an increased scan time. Since the 
total scan time may not be a critical limiting factor in breast 
imaging, we suggest increasing the number of averaging and 
reducing the current amplitude below 1 mA. 

 

Fig. 4. Plots for noise-free (a) u1, (b) |J1| and (c) Bz,1. (d), (e) and (f) are 
plots of ∆ u1, ∆|J1| and ∆ Bz,1 which are differences between the cases 
without and with anomaly of 10, 5 and 2.5 mm diameter. 

 

Fig. 5. Plots of conductivity (a) true and (b) reconstructed, for the three 
different anomalies (10, 5 and 2.5 mm diameters, respectively). 

 

Fig. 6. Reconstructed conductivity images of the three anomalies with 
10, 5 and 2.5 mm diameters using different numbers of averaging N and 
current amplitude.  

C. Comparison of ΔBz with Noise Level 

Figure 7 represents quantitative analysis of the average 
∆Bz and noise levels of Bz depending on the different 
conductivity contrast and size of anomaly. The conductivity 
images with a pixel size of 3 or 4 mm may visualize an 
anomaly with 50% conductivity contrast and 5 mm diameter 
using 1 mA injection currents. Considering that conductivity 
values of cancerous tissues in the breast have much higher 
than 50% contrast compared with surrounding normal tissues, 
it is highly probable to distinguish an anomaly with a smaller 
than 5 mm diameter using 1 mA injection currents. 

 

Fig. 7. Comparisons of the average ΔBz with the noise level in Bz. The 
noise level was computed with Tc = 30 ms, N = 8 and Δz = 4 mm. We 
changed the conductivity contrast of the anomaly as 50, 200 and 400% 
and the diameter as 5, 10 and 15 mm. The background conductivity is 
0.0226 S/m.   

D. Current Density Estimation in the Heart Region 

We examined the magnitude of the internal current density 
distribution induced by 3 mA injection current, which is the 
largest amount in our simulations. The maximum current 
density inside the heart region was below 0.14 A/m

2
. We 

estimated the threshold of nerve stimulation as 1.2 A/m
2
 at a 

distance of 1 mm from the nerve. Since the estimated 
maximum current density inside the heart region is well below 
this threshold, we speculate that externally injected currents of 
3 mA or lower will not stimulate the nerve conduction system 
of the heart. 

IV. DISCUSSION 

Compared with the previous breast phantom results [20], 
the images in figure 6 show the importance of the electrode 
size and configuration. Two current injections through large 
and flexible electrodes covering most of the breast surface can 
produce more uniform current density distributions inside the 
breast. Since the magnetic measured flux density Bz at a 
position is strongly influenced by the current density there, 
uniform current density distributions inside the breast region 
are advantageous in detecting an anomaly which may exist 
anywhere in the breast. The adopted electrode configuration 
using two pairs of electrodes also exhibited its limitation since 
they should have produced small current densities around the 
base and apex regions of the breast. This, in turn, should have 
produced small values of induced Bz data there. For a same 
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amount of noise in measured Bz data throughout the entire 
breast region, these two local areas of the base and apex are 
more vulnerable to the noise. We may consider adding 
electrodes at the back of the chest and also on the apex of the 
breast to improve the overall image quality. 

Plots in figure 7 tell that conductivity images with a pixel 
size of 3 or 4 mm may visualize an anomaly with 50% 
conductivity contrast and 5 mm diameter using 1 mA injection 
currents. Considering that conductivity values of cancerous 
tissues in the breast have much higher than 50% contrast 
compared with surrounding normal tissues, it is highly 
probable to distinguish an anomaly with a smaller than 5 mm 
diameter using 1 mA injection currents. 

Though we did not show other plots of numerous different 
experimental scenarios, we may easily scale up and down the 
plots in figure 7 for different conditions. We will design breast 
MREIT experiments of animals and human subjects based on 
the analysis method presented in this paper. Carefully 
designed experimental protocols will minimize the expensive 
trial-and-error type learning process during such experimental 
MREIT imaging studies. 

V. CONCLUSION 

We found that breast cancer detection using MREIT is 

feasible. Simulation results indicate that a cancerous anomaly 

with less than 5 mm diameter can be detected by injecting less 

than 1 mA currents while restricting the maximal current 

density inside the heart region below a level of nerve 

excitation. As we decrease the current amplitude, the size of a 

detectable anomaly will increase. Based on the findings 

presented in this paper, we suggest breast MREIT imaging 

experiments using four large flexible uniform current density 

electrodes covering the breast surface as much as possible. 

Advanced breast MR imaging methods including 

multi-channel high-sensitivity breast RF coils should be 

employed to minimize the noise level in measured magnetic 

flux density data. In MREIT, the performance of the adopted 

MRI scanner is essential to improve the quality of 

reconstructed conductivity images. Using a high performance 

clinical 3T MRI scanner, we plan to conduct animal and 

human imaging experiments to further investigate the clinical 

usefulness of the proposed method.  
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