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Abstract—Recently, a new static resistivity image reconstruction algorithm is proposed utilizing internal current density
data obtained by magnetic resonance current density imaging
technique. This new imaging method is called magnetic resonance
electrical impedance tomography (MREIT). The derivation and
performance of -substitution algorithm in MREIT have been
reported as a new accurate and high-resolution static impedance
imaging technique via computer simulation methods. In this
paper, we present experimental procedures, denoising techniques,
and image reconstructions using a 0.3-tesla (T) experimental
MREIT system and saline phantoms. MREIT using -substitution algorithm effectively utilizes the internal current density
information resolving the problem inherent in a conventional
EIT, that is, the low sensitivity of boundary measurements to any
changes of internal tissue resistivity values. Resistivity images of
saline phantoms show an accuracy of 6.8%–47.2% and spatial
resolution of 64 64. Both of them can be significantly improved
by using an MRI system with a better signal-to-noise ratio.
Index Terms—Internal current density, -substitution algorithm, magnetic resonance electrical impedance tomography
(MREIT), resistivity image.

I. INTRODUCTION

I

N static imaging of Electrical Impedance Tomography
(EIT), we usually inject patterns of currents and measure
voltage data on a set of surface electrodes to reconstruct the
absolute values of a cross-sectional resistivity distribution of
a subject [1], [2]. Even though dynamic imaging, where any
temporal changes in resistivity distribution are imaged, has
been finding different clinical applications, static imaging
is still far from clinical applications. Most static resistivity
image reconstruction algorithms suffer from low accuracy and
spatial resolution mainly due to the inherent poor sensitivity
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of boundary measurements to any changes of internal tissue
resistivity values [3]–[9]. Errors in modeling the irregular
boundary shape of the subject and electrodes are another major
problems.
Lately, Magnetic Resonance Electrical Impedance Tomography (MREIT) has been suggested to overcome the
ill-posedness of static impedance imaging problem [10]–[15].
Even though MREIT requires an expensive Magnetic Resonance Imaging (MRI) system, it is very promising to reconstruct
accurate cross-sectional resistivity images with a high spatial
resolution.
In MREIT, magnetic resonance current density imaging
(MRCDI) is performed to obtain the internal current density
data. Externally injected currents during MRI distort MR phase
images in such a way that the phase change is proportional
to the component of the induced magnetic flux density,
[16]–[21]. In this paper,
direction indicates the direction
of the main magnetic field in an MRI system. Since we can
, we must rotate the subject in order to
measure only
acquire a complete set of data of the induced magnetic flux
. Once we get , we can compute
density
the internal current density due to the injection current as
where
is the permeability of free space and
biological tissues.
Zhang proposed a resistivity image reconstruction algorithm
utilizing the measurements of internal and boundary voltage
data [10]. His method is based on the relationship,
where
is the voltage difference between two locations 1
and 2 at the boundary, is an interior line integral path connecting 1 and 2, and is the resistivity. After discretization
pixels, we can construct a linear
of the imaging slice into
where
system of equation
is the number of boundary voltage measurements and is a
noise vector. Assuming that we measure current density at every
pixel, the matrix contains internal current density data and
we can reconstruct the resistivity image by solving the linear
system of equation. A drawback of this method is the requirement of many boundary voltage measurements to improve the
accuracy and spatial resolution of the resistivity image. Woo et
al. [11] proposed a different method where the error between the
current density measured by MRCDI technique and the current
density calculated by the finite-element method (FEM) is minimized as a function of the resistivity distribution of the finite-element model. Eyuboglu et al. [12] also used a finite-element
model with measured boundary voltages and injection current
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(a)
Fig. 1.

(b)

(c)

Measurements of (a) B , (b) B , and (c) B for the injection current I between electrodes E 1 and E 2.

as boundary conditions. Their method is iterative assuming an
initial guess on the resistivity distribution. For a given resistivity
distribution of the model, they computed internal current density
using FEM and updated the resistivity distribution to minimize
the error between this current density and the measured one by
MRCDI technique.
Lately, Kwon et al. developed a new resistivity image reconstruction technique called -substitution algorithm in MREIT
[13]–[15]. The final form of the algorithm is simple and intuitive using the internal current density information in an efficient
way. From computer simulations, they showed that the spatial
resolution of the reconstructed resistivity images is comparable
with that of MR images. They also showed that the accuracy
of the reconstructed resistivity values is limited by the amount
of noise in the current density data. In this paper, we present
experimental procedures, denoising techniques, and image reconstructions using a 0.3-tesla (T) experimental MREIT system
and saline phantoms. We also describe the factors affecting the
performance of -substitution algorithm in MREIT.
II. METHODS
A. MRCDI Technique
Since MRCDI technique is well known by [16]–[21], we
briefly describe how we measure the induced magnetic flux
due to an injection current. Fig. 1 shows a cubic
density
with two electrodes
and
attached on the
subject
. We inject a current into the subject through
boundary
and
. Let
with
in be the current
density distribution due to the injection current. Then, the
satisfies
induced magnetic flux density
(1)
as shown in
We first select a transversal imaging slice
of
Fig. 1(a). Among the three components , , and
in , only
is in the same direction as the main magnetic field
of the MRI system and is measurable since it affects
the phase of the spin-echo MR image. We obtain two sets of
MR images applying injection currents with opposite polarities.
with
between these
Then, the phase difference
two images becomes
in

(2)

where
MHz/T is the gyromagnetic ratio of hydrogen
is the time duration of the injection current pulse.
atom and
image in
due to the injection current
We can produce
from (2). In this paper, an MR phase image is an image of
and a magnetic flux density image means an image of
,
, or
.
Now, we rotate the subject by 90 as shown in Fig. 1(b) and
, , and
in .
select three sagittal imaging slices
due to the rotation and
in the
In Fig. 1(b),
three imaging slices are now measured using the same procedure
described above. Note that we need three imaging slices since
and
in (1) using the three-point
we compute
difference scheme. Fig. 1(c) shows how we can measure
from three coronal imaging slices
, , and
after
another 90 rotation. Once we obtain a complete set of data
, we can compute in , from (1).
B. Geometrical Error Correction and Phase Denoising
We set up our 0.3-T experimental MREIT system with
25-cm bore shown in Fig. 2(a) to produce 128 128 MR
images. Due to the main magnetic field inhomogeneity and
the gradient field nonlinearity, MR images from transversal,
sagittal, and coronal slices contain different amounts of geometrical distortions. Inhomogeneous susceptibility distribution
inside the subject may also cause geometrical distortions. The
geometrical distortion caused by the susceptibility is, however,
considered to be negligibly small at the low field strength of
0.3 T. Since we must compute the internal current density at
, and
every pixel using magnetic flux density images ( ,
) of the corresponding imaging slices, we need a way to
make geometrical error corrections.
Fig. 2(b) shows a three-dimensional (3-D) grid phantom
(50 50 50 mm, acrylic plastic) constructed for this correction. We obtain seven (one transversal, three sagittal, and
threes coronal) images of the grid phantom corresponding
to the configurations shown in Fig. 1(a)–(c), respectively.
Fig. 3(a)–(c) shows three (one transversal, one sagittal, and
one coronal) images among them. By detecting centers of grid
points on each image, we construct mapping functions
with
where is the total number of imaging slices
in our case). Each mapping function
is
(
with

(3)
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(a)
Fig. 2.

(b)

(a) Experimental MRI system (0.3 T) with 25-cm bore. (b) Grid phantom for geometrical error correction.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3. (a) Transversal, (b) sagittal, and (c) coronal image of the grid phantom before geometrical error correction. (d) Transversal, (e) sagittal, and (f) coronal
image of the grid phantom after geometrical error correction.

where
is a point in a distorted image and
is a point in the corresponding image after geometrical error
are approxcorrection. We assume that mapping functions
imately fifth order polynomials, as

(4)

Using coordinates of grid points in Fig. 3(a)–(c), we compute
coefficients and in (4) by the least square method. Then, we
correct the geometrical distortion by performing image warping
and two-dimensional (2-D) linear
with mapping functions
interpolation. Fig. 3(d)–(f) shows images of the grid phantom
after geometrical error corrections.
Since we plan to use the three-point difference scheme in
,
, and
for (1), we extract 66 66
computing
to obtain
phase images covering the inside of the subject
a 64 64 current density image. MR phase images due to
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an injection current suffer from phase wrapping and random
noise. In order to restore the continuity of phase images, we
apply a simple one-dimensional phase unwrapping method
since absolute phase values are made irrelevant by the subsequent differentiation. Phase unwrapping and appropriate
scaling in (2) transform these phase images to magnetic flux
density images. Before we differentiate noisy magnetic flux
density images to compute in (1), we need to improve the
signal-to-noise ratio (SNR). In this paper, we use the high-order
total variation-based denoising technique by Chan et al. [22].
This technique effectively removes random noise while keeping
both slow and abrupt changes in magnetic flux density images.
Since the SNR of our 0.3-T experimental MRI system is quite
poor, this denoising process is essential.

(a)

(b)

C. Static Resistivity Image Reconstruction Algorithm:
-Substitution Algorithm
Let us assume that we inject a current through two electrodes attached on the surface of a subject with a true resisin
tivity distribution . The induced magnetic flux density
is measured by MRCDI techthe selected imaging slice
nique described in Section II-B. In addition, we measure the
between two current injection electrodes.
voltage difference
using (1). Then, the magniWe compute the current density
is
tude of
in

(5)

The resistivity image reconstruction problem means to find a
in .
constructive map
Now, we construct a finite-element model of the subject
with appropriate boundary conditions including electrodes and
the injection current. -substitution algorithm described in this
section is iterative and we denote as the iteration number. We
as
take an initial guess of the true resistivity distribution
with
. Given
and boundary conditions, the forward
between
solver using FEM computes the voltage difference
in .
two electrodes and the current density
is
Then, the magnitude of
in

(6)

Let us assume that the true resistivity in a pixel or a small
is
and the resistivity of the model in the
region
corresponding region is . Here, we assume that the resistivity
in is homogeneous and isotropic. Eventually, we want
(7)
where is the magnitude of electric field intensity. Now let us
consider two different resistivity distributions and for the
same subject with the same boundary conditions. If
where is a positive constant, then the internal current density
corresponding to
is identical to
corresponding to
for the same injection current. However, the voltage difference
.
between two current injection electrodes satisfies
as
Therefore, during iterations, we update
(8)

(c)

2 2

Fig. 4. Cubic saline phantoms with a dimension of 50 50 50 mm:
(a) homogeneous phantom and (b) phantom with a cylindrically shaped
insulating object around the center. (c) Spin echo pulse sequence using two
current pulses with opposite polarities.

Kwon et al. called this updating strategy -substitution and described the derivation of the scheme in detail [13], [15].
Kwon et al. described the need for at least two different injection currents in order to guarantee the uniqueness of the reconstructed resistivity distribution [13], [15]. As they suggested, we
use four electrodes uniformly spaced on the surface of the subject. Injection current is applied through two of them facing
between the other two
each other on vertical direction and
electrodes facing each other on horizontal direction. After we
using (8) for all
, we increase by one
compute
and repeat until a stopping condition is met.
D. Numerical Implementation
In this paper, we assume that the resistivity distribution in
does not change in direction. For the cubic subject shown
in Fig. 1, long electrodes in direction enable us to use a
.
2-D finite-element model since we can safely assume
Therefore, we used a finite-element mesh including 4,225
nodes and 64 64 quadrilateral elements with each element
corresponding to a pixel in the current density image from
the MRCDI technique. We can change the number of nodes
and elements as needed to match the spatial resolution of the
current density image. We used the conjugate gradient method
for sparse matrix in solving the resulting linear system of equations. After we computed all node voltages due to an injection
current, we calculated the current density within each element
as
. We performed all computations
using a PC with 1–GHz Pentium III CPU and 256-MB RAM.

KHANG et al.:

-SUBSTITUTION ALGORITHM IN MREIT

(a)

699

(a)

(b)
(b)
Fig. 5. (a) Magnetic flux density image of B from the homogeneous phantom
due to injection current I (vertical direction). For the homogeneous phantom,
both B and B are negligible. (b) Image of the current density J .

E. Phantom Experiments
Our 0.3-T experimental MREIT system shown in Fig. 2(a)
has a much lower SNR compared with other systems (at least
1.5 T and 1-m bore) used in MRCDI studies [16]–[21]. Therefore, we have to expect current density images with lower accuracy. Even though the theory of MRCDI is well established,
it requires a very carefully designed experimental procedure including subject rotations and data processing methods.
Fig. 4(a) shows a homogeneous cubic phantom (50
50 50 mm, acrylic plastic) filled with a solution containing
H O. The resistivity of the
12.5 g/l NaCl and 2 g/l CuSO
solution was 50 cm. The phantom in Fig. 4(b) was filled with
the same solution and contains an insulating object around the
center. The insulating object was a cylindrically shaped potato
with 30-mm diameter completely wrapped up with polyethylene sheet of 0.05 mm thickness. We checked the insulation
using HP4192A Impedance Analyzer (Agilent Technologies,
Co., Palo Alto, CA). The resistivity distribution of the phantom

Fig. 6. (a) Reconstructed cross-sectional resistivity image of the
homogeneous phantom after nine iterations of J -substitution algorithm.
(b) True cross-sectional resistivity image of the homogeneous phantom.

in Fig. 4(b) does not change along direction due to the cylindrical shape of the insulating object. We used four copper electrodes with a length of 50 mm and width of 5 mm. A constant
current source located outside the shield room selected a pair of
electrodes for the injection current . After collecting all image
data for , we switched it to the other electrode pair for the injection current .
Two injection current pulses with a width of 48 ms and opposite polarities were synchronized with a standard spin echo
pulse sequence shown in Fig. 4(c). The amount of injection current was 55 mA. The pulse repetition time was 300 ms and the
echo time was 50 ms. The slice thickness was 10 mm and the
field of view was about 77 mm. In obtaining 128 128 MR images, the number of averaging was eight and phase encoding
step was 128. The pixel size was 0.6015 0.6015 mm .
III. RESULTS
A. Homogeneous Phantom
from
Fig. 5(a) shows the magnetic flux density image of
the homogeneous phantom in Fig. 4(a) for the injection current
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(a)

(b)

(c)

(d)

Fig. 7. Magnetic flux density images of the phantom with an insulating object around the center due to injection current I (horizontal direction): (a) B , (b) B ,
and (c) B . (d) Image of the current density J . Current densities within the insulator are nonzero due to the noise in magnetic flux density images. Dotted circle
shows the location and shape of the insulating object.

(vertical direction). It was obtained after phase unwrapping,
geometrical error correction, and denoising. For the homogeand
are negligible. Fig. 5(b) shows
neous phantom, both
obtained from the magnetic
the image of the current density
and
flux density image. Using two current density images of
, we applied -substitution algorithm with a homogeneous
initial guess to reconstruct the cross-sectional resistivity image
in Fig. 6(a). Fig. 6(b) shows the true cross-sectional resistivity
distribution of the homogeneous phantom. In resistivity image
reconstructions, we excluded the layer of about six pixels near
surface of the phantom since the accuracy of the current density there is too poor. We stopped the iteration when the relative
error
(9)
became less than 0.01. We found that the resistivity image reconstruction does not depend on the choice of the initial guess.

We also found that the error in the reconstructed resistivity
values is smaller in the central region. The accuracy of the
reconstructed resistivity image was 6.8% at the central region,
47.2% at the peripheral region, and 39.9% for the entire image.
B. Phantom With an Insulating Object
Fig. 7(a)–(c) shows magnetic flux density images of , ,
and , respectively, from the phantom in Fig. 4(b) for the injection current (horizontal direction). Fig. 7(d) shows the image
obtained from magnetic flux denof the current density
and
,
sity images. Using two current density images of
we applied -substitution algorithm with a homogeneous initial guess to reconstruct the cross-sectional resistivity image in
Fig. 8(a). Fig. 8(b) shows the true cross-sectional resistivity distribution. We can clearly distinguish the insulating object from
the background in Fig. 8(a). The average resistivity value of
25 25 pixels within the insulating object was 6,576.5 cm
compared with the background resistivity of 50 cm. At some
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(a)

(b)
Fig. 8. (a) Reconstructed cross-sectional resistivity image of the phantom with
an insulating object after nine iterations of J -substitution algorithm. (b) True
cross-sectional resistivity image of the phantom with an insulating object.

pixels within the insulating object, the resistivity values were
relatively low since the current densities there were greater than
zero mainly due to the low SNR of less than about 15 dB in
magnetic flux density images.
IV. DISCUSSION
From the measured magnetic flux density images, we found
that the accuracy is poor near electrodes compared with the
central region since copper electrodes act as radio-frequency
shielding layers reducing the signal amplitude around them.
From a pilot study, we observed that electrodes made of silicone
containing silver powder might provide better results. We need
to further investigate the use of different electrode materials.
Even though we can apply the geometrical error correction
and denoising technique described in this paper, it is essential
to use a high-performance MRI system with better field homogeneities and SNR. We found that the poor SNR of our 0.3-T
experimental MREIT system is the most important source of
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errors in current density images. If SNR is high enough using
1.5- or 2-T system, we will be able to improve the image quality
significantly and also reduce the amount of injection current and
rotation angle. However, since we cannot always completely remove the random noise in MR phase images, the denoising technique needs to be further investigated considering the physical
laws of electromagnetism in biological tissues. Modified forms
of the total variation-based denoising technique by Chan et al.
[22] seem to be most promising.
In this paper, we inject currents though two facing electrodes.
As Kwon et al. pointed out, two current patterns and used
in this paper guarantee the uniqueness of the reconstructed resistivity image using -substitution algorithm [13], [15]. However, as currents spread inside the subject, the magnitude of current density at some interior regions may be very low. Then, the
magnitude of the induced magnetic flux density is also reduced
producing a lower SNR. It would be worthwhile studying different current injection methods using multiple electrodes and
current sources as is done in some EIT systems [1]–[9].
The resistivity image reconstruction in MREIT is essentially
a 3-D problem as in conventional EIT. When the resistivity distribution considerably changes in direction, we cannot keep
using the 2-D model as adopted in this paper. In this case, we
must capture magnetic flux density images on many slices along
direction and perform 3-D resistivity image reconstructions
using a 3-D finite-element model. For 3-D image reconstructions, we will need to investigate the shape, size, and location of
electrodes considering 3-D current flows inside the subject.
If we are only interested in resistivity images of a 2-D crosssection, we may assume that the resistivity distribution does not
change much in direction within a thin imaging slice. We
define two more thin imaging slices on the top and bottom of
the selected slice and collect current density images from these
three slices. Then, we construct a 3-D finite-element model of
the slice at the middle and use the current density data on the
top and bottom slice as boundary conditions for the model. The
MREIT technique described in this paper can also be applied to
an internal sub-domain of the subject. Let us assume that we define a region of interest (ROI) within a certain imaging slice. At
the boundary of the ROI, we use the current density data there
as boundary conditions for the finite-element model of the ROI.
Then, we can run resistivity image reconstructions only within
the ROI.
Combining the method by Zhang [10] with -substitution is
worth more investigation. It is well known from the basic elecholds where
is the voltage
trostatics that
difference between two electrodes 1 and 2 at the boundary
and is an interior line integral path connecting 1 and 2. First,
it provides the compatibility condition for the reconstruction
result using -substitution. Second, in every iteration during
image reconstruction, we can alternate -substitution and
Zhang’s method using a few boundary voltage data. These
boundary voltage data will supplement the internal current
density data especially when the SNR of magnetic flux density
images is low.
In MREIT, structural information about the subject is always
available from MR magnitude images. Therefore, we can utilize this a priori information in resistivity image reconstructions
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as well as boundary shape modeling. MREIT is very likely to
be a multi-modality medical imaging technique providing resistivity images in addition to conventional MR images. There
is also a great chance for MREIT to be very useful in functional
imaging.

V. CONCLUSION
MREIT utilizes internal current density measurements by the
MRCDI technique to overcome the inherent ill-posedness of the
static EIT image reconstruction problem. Using a 0.3-T experimental MREIT system, we reconstructed static resistivity images with a spatial resolution of 64 64. The accuracy of resistivity values in the reconstructed image was estimated as 6.8%
at the central region, 47.2% at the peripheral region, and 39.9%
for the entire image. Even though the accuracy is quite low, this
paper demonstrates the feasibility of the method. The spatial
resolution and accuracy are mainly limited by the SNR in MR
phase images obtained with current injection. Further improvements in both spatial resolution and accuracy will be possible
using a better MRI system with a high SNR.
One of the major problems in MREIT described in this
paper is the requirement of subject rotation. Even though we
can reduce the rotation angle at the expense of the reduced
SNR, any subject rotation in current clinical MR imaging environments seems to be very difficult. In order to make this
technique more applicable to clinical situations, a new kind of
MRI system allowing subject rotation needs to be developed.
On the other hand, we pursue different ways of resistivity
.
image reconstruction based only on the measurement of
images without subject rotation,
When we can get only
they still contain a lot of information on resistivity distributions. Our future study also includes image reconstructions for
complicated resistivity distributions using agar phantoms and
human subjects.
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