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Abstract— Magnetic Resonance Electrical Impedance
Tomography (MREIT) is a relatively new imaging technique
that allows tomographic imaging of electrical conductivity of
biologically conductive objects. In this paper, we present
software that has been implemented to accompany MREIT.
The software offers various computational tools from
preprocessing of MREIT data to reconstruction of cross-
sectional conductivity and current density images of an object
from MREIT data. The software named as MREIT Toolbox
runs under the commercially available technical computation
software called Matlab. The major routines in the toolbox
include magnetic flux density computation, denoising of flux
density maps, recovery of lost density signal, geometrical
modeling tools, conductivity reconstruction, and current
density reconstruction. The presented tools should be useful to
researchers in the field of MREIT for studies of simulation,
validation, and further technical development. The toolbox is
available upon request made to the Impedance Imaging
Research Center in Korea.
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I. INTRODUCTION

Recently a new imaging modality called Magnetic
Resonance Electrical Impedance Tomogrphy (MREIT) is
introduced which allows high resolution imaging of
tomographic  electrical conductivity distributions  of
biological objects [1-5]. The technique involves 1) current
injection into an electrically conducting object such as
animal and human body through surface electrodes, 2)
measurement of induced internal magnetic flux density
using a MRI system, typically only the 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, and 3) conductivity reconstruction by solving non-
linear boundary value equations given injected current and
measured magnetic flux density, employing the finite
element method.

Although it looks straight-forward to reconstruct
conductivity distribution as described in the three steps,
computation involves several innovative approaches
including magnetic flux density estimation, denoising,
missing data recovery, and forward/inverse problem solving.
These specific computations cannot be handled through
readily available finite element packages, thus requiring the

development of user friendly tools for those wish to
reconstruct conductivity distributions.

This paper introduces such computational tools developed
in the framework of a commercially available computational
package called Matlab [6]. This implanted package named
MREIT Toolbox is available to those in the MREIT research
community upon request made to the Impedance Imaging
Research Center (IIRC) in Korea [7]. The toolbox consists
of three main groups: the first involves magnetic flux
density computation and denoising; the second geometrical
modeling of computation domain via segmentation, data
recovery, and electrode modeling; the third conductivity
reconstruction via a previously developed reconstruction
algorithm called harmonic B, [8,9] and current density
computation. Each part is accompanied with a visualization
tool to allow examination of each outcome. Details of usage
of each tool are summarized in the paper.

II. METHODS AND RESULTS

By invoking the toolbox under Matlab, the main panel
appears as shown in Fig. 1. Three major groups are
Preprocessing Group, Model Construction & Data Recovery, and
Conductivity Reconstruction.

A. Preprocessing Group

MREIT Imaging Setup: Load Imaging Setup

In MREIT, current is injected in two different directions
between two pairs of the electrodes facing each other. The
amount of each injection current is determined by the
product of current amplitude and time duration. A modified
spin-echo pulse sequence synchronized with the current
injection is typically used as described in our experimental
works [8,13,14]. Raw k-space MR data are collected and
saved according to the direction of injection current for
further processing.

Typical MREIT imaging parameters saved in a text file
can be loaded into the toolbox by invoking Load Imaging
Setup. The imaging parameters include the size of field of
view, slice thickness, image matrix size, number of slices,
injection current amplitude and width, and electrode
conductivity value as shown in Fig. 2 (a) along with their
proper units.
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Fig. 1 Main panel of the MREIT Toolbox showing the three main groups of
tools.

B. Computation: Get B,

In MREIT, a complex MR image obtained with a positive
injection current, producing the induced magnetic flux
density of B, can be expressed as

M+(l‘) — M(r)e.fi(r)eijz(r)TL (1)
where r is a position vector, M the magnitude image, £ any
systematic phase artifact, y the gyromagnetic ratio of the

hydrogen, and T, the injection current pulse width.
Similarly, for the negative injection current, we have

M*(r) - M(r)ejf(r)e*ijz(r)Tc . )

Then we can obtain the measured, but noisy B, as

! {tan'l[M+(r)+77+(r)]+2n(r)7r} 3)
T, M (r)+7 (r)

B, ,(r)=

where #7* are additive noise and n is an integer-valued
function to restore the continuity of B,.

Then the magnetic flux density images B.' and B.? for two
injection currents /; and /, are obtained respectively from
the k-space data after applying proper phase unwrapping
and unit conversion [9].

The routine Get B; handles such computation described
above. Fig. 2 (b) shows a typical computed magnetic flux
density map of the phantom shown in Fig. 4 where three
pieces of biological tissue are embedded in agar gel. Each
tomographic slice is associated with two flux density maps
and all flux density maps are saved to be utilized in the
conductivity reconstruction algorithm.
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Fig. 2 (a) Information panel of MREIT imaging parameters (b) A map of
computed magnetic flux density

Denoising B.: Denoise B,

As expressed in (3), the magnetic flux density images can
become quite noisy due to many factors such as instability
of MR system etc. We have developed a novel denoising
method based on harmonic decomposition and PDE-based
anisotropic diffusion [10]. Fig. 3 shows a sample of
denoised density map after applying the denoising technique.
The upper row shows a magnitude image and the Laplacian
of flux density before denoising, the bottom after denoising.
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Fig. 3 Results of denoising B.. The upper row shows a magnitude image
and the Laplacian of noisy B., the bottom the denoised magnitude image
and Laplacian of denoised B..
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Electrode Modeling: Get Electrodes

In the geometrical modeling of conducting domain,
identification of electrode locations are critical to impose
boundary conditions. To find the location of the 2 pairs of
recessed electrode, we have developed a semi-automatic
tool shown in Fig. 4 where each of four coners of a
rectangle-shaped electrode is manually marked. A cross-bar
appears to select a corner of the corresponding electrode,
helping the selection process. A total of 16 points of 4
electrodes are saved and later used in the modeling of the

computing domain.
) GetElecirode

Get electrodes

] ]

Electrade 1

e

I
Fig. 4 Electrode identification tool in the MREIT toolbox. A corner of the
electrode has been marked with a circle and notated as ‘E1-1’ and the cross-
bar is positioned for the selection of the second corner.

B. Geometrical Modeling and Data Recovery Group

Object Boundary Segmentation: Segmentation

In order to segment the boundaries of computing or
reconstruction domain, we have employed a level-set based
segmentation method [11]. Fig. 5 shows an example of how
the boundaries of an object (a piglet in this case) are
identified with the level-set based active contours
implemented in Segmentation.

Fig. 5 (a) Initial active contours and (b) After convergence of active
contours to the boundaries of an object.

Visualization: Visualization
This routine handles of 3D rendering of the computing
domain and visualization.

Data Recovery from Defective B, Images: B; Recovery
In the measurement of B,, due to gas-filled internal organs
such as lung and stomach, MR signal void can happen,
resulting in defective B, data. In order to recover the missing
signal in the magnetic flux density map, a special routine B;
Recovery has been added to the toolbox.

We first extract a three-dimensional region P where M <
O using a level-set segmentation method employing a
modified Mumford-Shah model [11]. Now, we assume that
the conductivity ¢ in P is homogeneous: this assumption
holds when the defective 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. Then, we can carry out the recovery of B; in P using

Vo(r)=0 for reR . 4)
Due to (4), we have

V’B.(r)=0inR ) )
B.(r)=B_,(r) on the boundary of R

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

Fig. 6 (a) shows a magnetic flux density image with a
defective region due to some gas inside the stomach. Fig. 6
(b) shows the denoised and recovered B, image after
applying the denoising and recovery methods.

(a) (b)
Fig. 6 (a) Magnetic flux density image with a defective region due to signal
loss in MRI and (b) Denoised and recovered density image.

C. Reconstruction Group

Conductivity Reconstruction: Conductivity Reconstruction

We have implemented the harmonic B, algorithm as a
default algorithm for three-dimensional conductivity image
reconstruction. Details of the reconstruction algorithm can
be found in [8,9]. Future version of the toolbox will include
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other variants of reconstruction routines such as variational
gradient B, and gradient B, decomposition [12,13]

Current Density (CD) Reconstruction: CD Reconstruction
After we have reconstructed conductivity images o inside
the imaging region, we numerically solve the following
Neumann boundary value problem:

V-(o(r)Vv(r))=0 in Q (6)
—o(r)Vv(r)-n=g(r) on 0Q

where v is the voltage, Q 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)- @)

Fig. 7 (a) shows a reconstructed conductivity image of a
tomographic section of a piglet using the conductivity
reconstruction routine and (b) current density image
computed upon the conductivity distribution of (a). More
details of animal phantom study are available in [14].

(a) (b)
Fig. 7 (a) Reconstructed conductivity image and (b) Current density image
due to the conductivity distribution of (a)

III. DISCUSSION
This paper presents the MREIT Toolbox and its major
routines developed for those who wish to reconstruct
conductivity images using a MREIT system. Minor routines
used in the toolbox are described in the manual
accompanying the toolbox.

Future versions of the toolbox will be announced and
available through our web site [7] which will include other
variants of reconstruction algorithms, more advanced
computations, and more user-friendly processing tools.

IV. CONCLUSION
The MREIT Toolbox described in the paper is the first
release of software tools to the MREIT community and to
those who wish to conduct research in this field.
We hope it becomes a useful tool for various simulation

or actual experimental studies. We would appreciate any
feedback from users.

ACKNOWLEDGMENT

This work was supported the grant R11-2002-103 from
Korea Science and Engineering Foundation.

REFERENCES

[1] N. Zhang, Electrical Impedance Tomography based on Current
Density Imaging, MS Thesis, Dept. of Elec. Eng., Univ. of
Toronto, Toronto, Canada, 1992.

[2] E.J. Woo, S. Y. Lee, and C. W. Mun, “Impedance tomography
using internal current density distribution measured by nuclear
magnetic resonance,” Proc. SPIE Ann. Conf., pp. 377-385, 1994.

[3] O. Kwon, E. J. Woo, J. R. Yoon, and J. K. Seo, “Magnetic
resonance electrical impedance tomography (MREIT):
simulation study of J-substitution algorithm,” IEEE Trans.
Biomed. Eng., vol. 48, pp. 160-167, 2002.

[4] H. S. Khang, B. I. Lee, S. H. Oh, E. J. Woo, S. Y. Lee, M. H.
Cho, O. Kwon, J. R. Yoon, and J. K. Seo, “J-substitution
algorithm in magnetic resonance electrical impedance
tomography (MREIT): phantom experiments for static resistivity
images,” IEEE Trans. Med. Imag., vol. 21, pp. 695-702, 2002.

[51 B.I Lee, S. H. Oh, E. J. Woo, S. Y. Lee, M. H. Cho, O. Kwon,
J., K. Seo, J. Y. Lee, and W. S. Baek, “Three-dimensional
forward solver and its performance analysis in magnetic
resonance electrical impedance tomography (MREIT) using
recessed electrodes,” Phys. Med. Biol., vol. 48, pp. 1971-1986,
2003.

[6] http://www.mathworks.com/

[7]1 http://iirc.khu.ac.kr

[8] J. K. Seo, J. R. Yoon, E. J. Woo, and O. Kwon, “Reconstruction
of conductivity and current density images using only one
component of magnetic field measurements,” IEEE Trans.
Biomed. Eng., vol. 50, pp. 1121-1124, 2003.

[91 S.H.Oh, B. I Lee, E. J. Woo, S. Y. Lee, M. H. Cho, O. Kwon,
and J. K. Seo, “Conductivity and current density image
reconstruction using harmonic B, algorithm in magnetic
resonance electrical impedance tomography,” Phys. Med. Biol.,
vol. 48, pp. 3101-3116, 2003.

[10] T. S. Kim, B. L. Lee, S. H. Lee, J. K. Seo, O. Kwon, and E. J.
Woo, "Diffusion PDE-based denoising technique for magnetic
resonance electrical impedance tomography," Proc. 26th Ann. Int.
Conf. IEEE EMBS, San Francisco, CA, USA, pp. 1036-1039,
2004.Denoising

[11] D. Mumford and J. Shah, "Optimal approximation by piecewise
smooth functions and associated variational problems," Comm.
Pure Appl. Math., vol. 42, pp. 557-685, 1989.

[12] C. Park, E. J. Park, E. J. Woo, O. Kwon, and J. K. Seo, “Static
conductivity imaging using variational gradient B, algorithm in
magnetic resonance electrical impedance tomography,” Physiol.
Meas., vol. 25, pp. 257-269, 2004.

[13] C. Park, O. Kwon, E. J. Woo, and J. K. Seo, “Electrical
conductivity imaging using gradient B. decomposition algorithm
in magnetic resonance electrical impedance tomography
(MREIT),” IEEE Trans. Med. Imag., vol. 23, pp. 388-394, 2004.

[14]E.J. Woo, S. Y. Lee, J. K. Seo, O. Kwon, S. H. Oh, and B. L. Lee,
"Conductivity images of biological tissue phantoms using a 3.0
Tesla MREIT system," Proc. 26th Ann. Int. Conf. IEEE EMBS,
San Francisco, CA, USA, pp. 1287-1289, 2004.

355



	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	Print

	header01: IJBEM
Vol. 7, No. 1, 2005
	01: 352
	header02: IJBEM
Vol. 7, No. 1, 2005
	02: 353
	header03: IJBEM
Vol. 7, No. 1, 2005
	03: 354
	header04: IJBEM
Vol. 7, No. 1, 2005
	04: 355


