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Abstract—We present cross-sectional conductivity and current
density images of an animal subject using a 3T Magnetic
Resonance Electrical Impedance Tomography (MREIT)
system. We injected currents into a postmortem 10Kg piglet
in two different directions and measured the induced
magnetic flux densities using a 3T MRI scanner. In order to
handle defects in the measurements due to MR signal void in
a gas-filled internal organ, we developed and applied a data
recovery method. Reconstructed conductivity and current
density images have a pixel size of 1.56x1.56mm>. The results
demonstrate that MREIT can provide images with a spatial
resolution comparable to that of conventional MR images as
long as we inject enough currents into the subject. Further
animal experiments are needed to find ways to reduce the
amount of injection current so that the technique can be
applied to human subjects.
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I. INTRODUCTION

Lately, a new impedance imaging technique called
Magnetic Resonance Electrical Impedance Tomography
(MREIT) has been introduced providing high-resolution
conductivity and current density images [1-5]. In MREIT,
currents are injected into an electrically conducting subject
such as the human body through surface electrodes. The
induced internal magnetic flux density is measured by using
an MR phase imaging technique. Due to a limitation in
currently available MRI scanners, we can measure only z-
component B, of the induced magnetic flux density B =
(B.,B,,B.) where z is the axis parallel to the main magnetic
field of the MRI scanner.

Following the development of conductivity image
reconstruction algorithms based on the measured multi-slice
B, data [6-9], experimental works using saline phantoms
showed that the spatial resolution of conductivity images in
MREIT could be comparable to that of a conventional MR
image as long as we inject enough amount of currents to get
a reasonably high signal-to-noise ratio (SNR) in the
measured B, data [7,10]. Lately, high-resolution
conductivity images reconstructed from cylindrical
phantoms containing different biological tissues have also
been presented [11]. With an ultimate goal of applying the
MREIT technique to human subjects with safe amount of
injection current, these previous studies suggest that
conductivity imaging from animal subjects is feasible.

For animal or human subjects, there could be internal
regions where MR signal void occurs. Therefore, we
developed a data recovery method that allows us to fill the
missing data of B, in those regions. This paper presents
conductivity and current density images obtained from the
first animal experiment using the data recovery technique
and an image reconstruction method called the harmonic B,
algorithm [6,7].

II. METHODS

A. MREIT Experiments

The animal experiment was performed using an MREIT
system based on a 3T MRI scanner (Magnum 3.0, Medinus
Inc., Korea). We chose a postmortem 10Kg piglet as the
imaging subject. We attached four recessed electrodes
shown in Fig. 1(a). Recessed electrodes allow us to avoid
artifacts in MR images near the conducting surface
electrodes [5,7,10]. Placing the piglet inside an RF coil as
shown in Fig. 1(b), we selected the imaging region as
denoted by the dotted box in Fig. 1(c). The approximate
axial cross-sectional area of the piglet within the imaging
region was 118x124 mm?.

We sequentially injected two currents /; and 7, between
two pairs of the electrodes facing each other. The amount of
each injection current was 1400mA -ms. We collected k-
space data with a similar pulse sequence described in our
previous experimental works [7,10,11]. The slice thickness
was 3mm with no slice gaps, TR was 550ms and TE was
40ms. The number of axial slices was eight and therefore the
length of the imaging region was 24mm. Magnetic flux
density images of B.' and B.” corresponding to the injection
currents /; and I, respectively, were calculated from the k-
space data with the matrix size of 128x128 after applying a
phase unwrapping and scaling operations. Field-of-view was
200x200mm* and voxel size was 1.56x1.56x3mm’.

Fig. 1(d) shows the MR magnitude image at the middle
imaging slice. The image shows a black region inside the
stomach where MR signal void occurred. We believe that
this is due to some gas inside the stomach. Within this
region, the magnetic flux density signal is missing, making
B." and B images defective. We may face a similar
problem in any other gas-filled internal organs, lungs, and
bones. Therefore, before we apply a conductivity image
reconstruction algorithm to those defective data, we must
preprocess them to appropriately recover the missing
information.
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Fig. 1. (a) Four recessed electrodes. (b) Imaging subject (10Kg piglet)
inside an RF coil. (c) Selection of an imaging region denoted by the dotted
box. (d) Cross-sectional MR magnitude image at the middle imaging slice.

B. Data Recovery from Defective B, Images

We can express a complex MR image obtained with a
positive injection current producing the induced magnetic
flux density of B, as

M (r)= M(r)e./é(r)ejwz(r)ﬁ (1)
where r is a position vector, M the magnitude image, £ any
systematic phase artifact, y the gyromagnetic ratio of the
hydrogen, and 7, the injection current pulse width. Similarly,
for the negative injection current, we have

M (r)= M(r)ejs”(r)e—ij;(r)Tc . )

Since we obtain the measured noisy B, , as

[tanl( j+2n(r)ﬁ} 3)

where 77" are additive noise and » is an integer-valued
function to restore the continuity of B..
In (3), it is clear that B, could be incorrect when M =

M (r) +7"(r)

Bz,n(r)=2# s
(r)+n (r)

7T,

M| is less than a certain small number o. Therefore, we

first extract a three-dimensional region R where M < ¢

using a level set segmentation method employing a modified
Mumford-Shah model [12].

Now, we assume that the conductivity o in R is
homogeneous. This assumption holds when the defective
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region consists of, for example, gas-filled internal organs. It
also approximately holds for lungs and bones in a sense of a
local average conductivity value there. Then, we can carry

out the recovery of B, in R using

Vo(r)=0 for reR. 4)
Due to (4), we have
V’B.(r)=0in R (5)

{BZ (r)=B_,(r) on the boundary of R

Once we have solved (5) for B, we replace B, ,in R with
the solution B, to produce a recovered B, data.

C. Conductivity Image Reconstruction
We use the harmonic B, algorithm [6,7] to reconstruct
cross-sectional conductivity images at the middle imaging
slice of the phantom. This process can be repeated to other
imaging slices for three-dimensional conductivity image
reconstruction. After we have reconstructed conductivity
images o inside the imaging region, we numerically solve
the following Neumann boundary value problem:
V-(o(r)Vu(r))=0 in Q (©6)
—o(r)Vyv(r)-n=g(r) on 0Q

where v is the voltage, (2 the domain of the imaging region,
0Q the boundary of Q, n the outward unit normal vector on
0Q, and g the normal component of the current density on
0Q. With the solution v of (6), internal current density
images can be produced by computing

J(r)=—o(r)Vu(r)- (7

III. RESULTS

Fig. 2(a) and (b) show the magnetic flux density images
B." and B., respectively, of the piglet at the middle imaging
slice. We can observe severe artifacts in the gas-filled
stomach region. Fig. 3(a) and (b) illustrate the segmentation
process to extract the boundary of the piglet in each slice.
Fig. 3(c) is the stack of segmented boundaries of the eight
slices and (d) shows the three-dimensional imaging domain
of the piglet with the identified defective region.

Inside the defective region, we solved (5) to compute
the magnetic flux density there resulting in the recovered
images of B.' and B.” as shown in Fig. 4(a) and (b),
respectively. We can see that the severe artifacts in Fig. 2
due to MR signal void in the gas-filled stomach region were
replaced with the recovered data.
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Fig. 2. Magnetic flux density images of (a) B." and (b) B.” for injection Fig. 5. Denoised magnetic flux density images of (a) B.' and (b) B.” for
currents /; and 1, respectively. The image values are wrong in the gas- injection currents /; and I, respectively.

filled stomach due to MR signal void there.

Before we reconstruct conductivity images, we applied
the anisotropic diffusion-based denoising method to the
images in Fig. 4. Fig. 5(a) and (b) show magnetic flux
density images after applying the denoising method [13].

Fig. 6(a) and (b) are the reconstructed cross-sectional
conductivity images using the magnetic flux density images
in Fig. 2 and 5, respectively. Compared with the
conductivity image in Fig. 6(a) using the defective data, the
conductivity image in (b) using the recovered data is
significantly improved. Fig. 7(a) is the image of the
magnitude of the current density |J| at the middle imaging
slice form (6) and (7). Fig. 7(b) shows the current density
streamlines.

(d

Fig. 3. (a) and (b)Segmentation process during the data recovery. (c) Stack
of segmented two-dimensional boundaries. (d) Three-dimensional imaging

. R . 1 2. .
domain of the piglet with the identified defective region. Fig. 6. Reconstructed conductivity images using B, and B.” in (a) Fig. 2

and (b) Fig. 5.

(@ (b) @) )

Fig. 4. Recovered magnetic flux density images of (a) B.' and (b) B.” for

injection currents J, and I, respectively. Fig. 7. (a) Current density image and (b) current streamlines.
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IV. DISCUSSION

The results in Fig. 6 and 7 show that the data recovery is
essential to produce improved conductivity images in case
defective regions are present and only mean conductivity
values are assumed there. As shown in the two reconstructed
images in Fig. 6, the method significantly improves the
image quality not only in the defective region but also
throughout the entire imaging region. This stems from the
fact that most MREIT image reconstruction techniques
based on only B, data iteratively update conductivity images
and they solve the Neumann boundary value problem in (6)
during each iteration. Therefore, incorrect conductivity
values in any defective region influence the accuracy of
reconstructed conductivity values in other regions.

For conductivity imaging of animal or human subjects
in MREIT, the data recovery method described in this paper
will provide most of the needed preprocessing. However, in
order to advance the technique for imaging human subjects,
we will need to devise efficient ways to reduce the amount
of injection current. Our future studies, therefore, should be
focused on developing innovative MREIT pulse sequences,
denoising methods, and other techniques such as utilization
of the MR magnitude image as a priori information.

V. CONCLUSION

For the first time, we showed cross-sectional
conductivity and current density images of an animal subject
using MREIT techniques. A novel way of preprocessing
measured noisy magnetic flux density data was successfully
applied to the animal experimental data. The technique will
be useful in future experimental studies with animal or
human subjects since the measured magnetic flux density
data using an MRI scanner could be seriously corrupted in
regions where MR magnitude image values are very low.

The data recovery method suggested in this paper
significantly improves the quality of reconstructed
conductivity images. Further studies are needed to
investigate the effect of the method where the assumed
homogeneity condition in each defective region is not
satisfied.
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