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ABSTRACT

A novel MR-EIT imaging modality has been developed to reconstruct high-resolution conductivity images with true
conductivity value. In this new technique, electrical impedance tomography (EIT) and magnetic resonance imaging
(MRI) techniques are simultaneously used. Peripheral voltages are measured using EIT and magnetic flux density
measurements are determined using MRI. The image reconstruction algorithm used is an iterative one, based on
minimizing the difference between two current density distributions calculated from voltage and magnetic flux density
measurements separately. The performance of the proposed method and the suggested reconstruction algorithm are
tested on simulated data. A finite element model with 1089 nodes and 2048 triangular elements is used to generate
the simulated potential and magnetic field measurements. A 16 electrode opposite drive EIT strategy is adopted.
The spatial resolution is space independent and limited by either the finite element size or half the MR resolution.
The worst of the two defines the spatial resolution. The rms error in reconstructed conductivity for a concentric
inhomogeneity is calculated as 5.35% and this error increases to 13.22% when 10% uniformly distributed random
noise is added to potential and magnetic flux density measurements. The performance of the algorithm for more
complex models will also be presented.
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1. INTRODUCTION

Electrical impedance tomography (EIT) is the common name given to imaging modalities used to image the conduc-
tivity distribution inside a volume conductor. Accurate conductivity images reconstructed using EIT can be used
in applications such as solving bioelectric field problems,? imaging respiratory function® and other applications
summarized in.*

In conventional EIT technique, current is applied to the volume conductor object either by injection or induction
and the peripheral voltage measurements are acquired to find the conductivity distribution inside the object.> In
injected current EIT, electrodes placed at the boundary of the object is used for both excitation and measurement.
The number of peripheral voltage measurements are practically limited since the number of electrodes that can be
placed on the surface of the object is limited. Moreover, since the conductivity perturbations in the inner parts of
the imaging regions does not alter the peripheral voltage measurements as much as the perturbations close to the
boundary, the sensitivity of the voltage measurements is not uniformly distributed. Therefore, the reconstructed
images have low spatial resolution and space dependent sensitivity.”

It is possible to increase the number of independent voltage measurements using induced current EIT tech-
niques.®? In induced EIT, the volume conductor is probed using induced currents created by coils placed around
the object and different current distributions are achieved using various coil configurations.'® Although the number
of independent measurements can be increased using this approach, the problem of space dependent resolution still
exists. In magnetic induction tomography (MIT) the coils placed around the object are used both for excitation
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and data acquisition.'! An other approach for impedance imaging is the measurement of magnetic flux density

generated due to injected currents using magnetometers.'?> Since the measurements can only be done outside the
imaging region, the sensitivity of measurements are also less sensitive to conductivity perturbations in the inner
regions.

An alternative is the use of magnetic resonance imaging techniques. It has been shown that magnetic flux
generated during current injection can be measured using MRI for dc,'® rf,'® and low frequency ac'”'® current
cases. The magnetic flux density measurements are performed from the inner parts of the object. These flux density
measurements are used to calculate the current density distribution inside the object.!?1619  For dc currents, the
theoretical limit for the spatial resolution of current density is half of the MRI image resolution and data acquisition
time is the same as standard spin echo pulse data acquisition scheme.'® For ac current case, the theoretical limit
for spatial resolution is equal to that of the MRI image acquired but practically, due to long data acquisition times
for ac currents, practical resolution poor.2°

Although the images reconstructed using magnetic flux density measurements are of high spatial resolution, they
all suffer from the uniqueness problem. In other words, the true (absolute) conductivity distribution can not be
reconstructed from magnetic flux measurements only.2!

Magnetic resonance-electrical impedance tomography (MR-EIT) is a novel imaging technique that reconstructs
electrical conductivity distribution combining the conventional magnetic resonance imaging (MRI) and EIT tech-
niques.?? In this technique, employing the peripheral voltage measurements together with the magnetic flux density,
the absolute conductivity images can be reconstructed with high resolution.

In this study, a new MR-EIT technique is proposed. The peripheral voltage measurements from EIT and magnetic
flux measurements from (MRI) are simultaneously used. The peripheral voltage measurement are acquired using 16
electrode opposite drive EIT strategy (setl). The magnetic flux density is measured using MRI (set2). An iterative
reconstruction algorithm that minimizes the difference between two current density values calculated using set! and
set2 separately is implemented. The proposed method and the suggested reconstruction algorithm are tested using
various simulation data. The space dependence of spatial resolution is tested using high contrast point objects. The
performance in the presence of noise is also analyzed by adding simulated noise to data. The results imply that it
is possible to reconstruct absolute conductivity images with high spatial resolution using the suggested method.

In next sections, first the forward problem of MR-EIT will be defined. Forward problem solution is used in
reconstruction procedure with some modifications. It is also used to generate the simulation data. Next, the
algorithm suggested for image reconstruction is given. Finally simulation results are presented.

2. FORWARD PROBLEM

Calculation of peripheral voltage values and the flux density distribution for a known conductivity distribution and
boundary conditions is defined as the forward problem. For the two dimensional problem in Fig. 1, the relation
between the conductivity and potential distribution is given by the Poisson’s relation as:

V- (V) (z,y) =0 (z,y) €S (1)
together with the boundary conditions:

J  on positive current electrode
0¢ .
o-— = —J on negative current electrode , (2)
on
0 elsewhere

where o(z,y) is the electrical conductivity, ¢ is the electrical potential and S is the slice of the object to be imaged.

Analytical solutions for complex conductivity distributions are not available for the Neumann boundary value
problem (NBVP) given by Eqgs (1) and (2) . In order to solve this NBVP, finite element method (FEM) with a FEM
mesh that contains 1089 nodes and 2048 triangular elements is used. The conductivity is assumed to be constant
within each element. After calculation of potential distribution, ¢, the electric field and current density inside the
object are calculated using .

E=-V¢ (3)
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Figure 1. Definitions for 2D object
and - .
J=0FE. (4)
Next, the magnetic flux density is calculated using the Biot-Savart Law:
— Mo de X dR
B=— [ ——.
47 / R2 (5)

3. IMAGE RECONSTRUCTION

Image reconstruction or inverse problem solution is the calculation of inner conductivity distribution using the
peripheral voltage measurements, the magnetic flux density measurements and the known boundary conditions. In
the following sections, the data acquisition procedures and the image reconstruction algorithm are explained.

3.1. Voltage Measurements

A sixteen-electrode opposite-drive current injection strategy for EIT is adopted. First, an opposite electrode pair
is used for excitation and 13 independent voltage measurements are made using the rest of the electrodes. The
procedure is repeated for 8 times using different opposite pairs and a total of 104 measurements are acquired.

3.2. Magnetic Flux Density Measurements

Magnetic flux density values can not be measured directly but be extracted from MR images acquired during current
injection. The pulse sequence that should be used to find the magnetic flux density distribution is given in Fig. 2.
This pulse sequence is a spin echo sequence together with the synchronized bipolar dc current pulse. The MR signal
equation recorded for this sequence is

S(t) = / / K(z,y)M(z,y) exp{jy (Gwmt + Gyyty + B;]To)}d:ndy. (6)

In this expression, M (z,y) is the transverse magnetization distribution, G, and G, are the magnetic field gradients
in x and y directions, ¢ and ¢, are the application times for G, and G, gradients, +y is the gyromagnetic constant,
B is the component of the current induced magnetic flux in the direction of the main magnetic field, and T is the
total current injection time. Note that since the application time for G, gradient is the time variable ¢, the total
phase accumulated from this gradient changes with time. K (z,y) is the term that includes inhomogeneities in the
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Figure 2. MRI pulse sequence that can be used to find magnetic flux density measurement.!?

magnetic field and is independent of time and object to be imaged. The complex MR image is obtained from Eq. (6)
by taking 2 dimensional inverse Fourier transform as:

M (z,y) = K(z,y) M (z,y) exp{jvy (Goxt + Gyyt, + BITc)}. (7)

The superscript J indicates that the image is acquired during current injection. If there is no current, the MR image
will be
M. (z,y) = K(z,y)M(z,y) exp jy (Gzxt + Gyyty). (8)

The phase of the ratio of images in Eqs. (7) and (8) is
®;n =vB!(z,y)Tc (9)

where ®;y is the phase normalized with image acquired without current injection. Note that, only the component
of the magnetic flux in the direction of the main field of the MR system can be measured at a time. In order to
measure all components of the magnetic flux density, the experiment should be repeated three times.

3.3. Iterative Reconstruction Algorithm

A three step iterative reconstruction algorithm is used in the solution of inverse problem. In the first step, the
current density inside the object is calculated using

- V x EMR

Jyp=——. (10)
Ho

MR subscript indicates that the current density is calculated from the magnetic flux density measurements acquired

using MRI.

In the next step, the electric field inside the object is found using the peripheral voltage measurements. An initial
conductivity distribution is assumed and the electric field is found by solving the boundary value problem defined
in Eq. (1) with additional boundary conditions. The peripheral voltage measurements are included in the solution
as Dirichlet boundary condition and Egrr and Jgrr are calculated using Eqs. (3) and (4). If the exact conductivity



distribution were known, J; mr and T err would be the same. Therefore, the conductivity distribution is selected to
minimize the difference between two current density distributions. A residual function is defined as

R:Z/SH —UV¢E1T—jMR||dS (11)
X

where || || is an L norm, X is the number of pairs of electrodes excited and S is the imaging plane. The surface
integral is converted into summation over FEM elements as

R: ZZA || _Ujv¢EIT — jMR||dS (12)
X J J

where j is the element index, o; is the conductivity of the j* element and S; represents the surface of the jt*
element. R is minimized with respect to each o; by setting

OR

and the conductivity of the j** element is found as:

1 2x fsj Voégprr -V x Burrds

% dox fsj Vogpir - dprrds (14)

05 = —

Since a conductivity distribution is assumed in the calculation of V¢ g, the calculated conductivity will be different
from the actual one unless some iteration is done. The conductivity calculated using Eq. (14) is assumed as the new
initial conductivity distribution and the procedure is repeated.

4. RESULTS

Several simulations are carried out to test the performance of the suggested MR-EIT iterative reconstruction algo-
rithm. In this section, two error definitions used in the evaluation of the simulation results are given first. Next,
the results for spatial resolution are presented. Finally, performance for a more complex phantom that models the
human thorax is tested.

In order to generate the simulation noise, first the voltage and the magnetic flux density values corresponding to a
uniform conductivity distribution with 0.002S em ! conductivity are calculated. Then, a random noise with uniform
distribution that has maximum value equal to 5%, 10%, and 20% of the maximum value of the measurements is
generated. Noise sets are generated for voltage measurements and for x,y, and z components of the magnetic flux
density separately.

4.1. Error Definitions

Two error values are defined for the reconstructed images. The conductivity error is defined between the actual
and reconstructed conductivity values and can be used only with the simulation data where the actual conductiv-
ity distribution is known. If 0. and oj. are the real and reconstructed conductivity values for the jt* element,
conductivity error is

1 & (jr — 0jc)?
_ jr je
s = N Z — x 100%. (15)
j=1 Jr
where N is the total number of elements in the FEM mesh.

The potential error is defined between the actual peripheral measurements, ¢,,, and the calculated surface
potential values using reconstructed conductivity, ¢., as

Z H¢II¢ |TC” x 100% (16)

where X is the number of different current injection pairs.



Table 1. Error values in reconstructed images for a concentric point object

£o(%)  co(%)
noise-free 5.35 8.35
5 % noise 9.63 10.54
10 % noise  13.27  16.72
20 % noise  20.66  30.32

Table 2. Error values in reconstructed images for a eccentric point object

Es(%) €4(%)
noise-free 5.28 9.57
5 % noise 9.63 11.38
10 % noise  13.22 17.14
20 % noise  20.72  30.69

4.2. Spatial Resolution and Sensitivity

In order to understand the limits of spatial resolution and space dependence of sensitivity, high contrast point object
is used. Background and object conductivity values are selected as 0.002S em~! and 0.004S ¢m ! respectively. The
diameter of the object is 1/16 of the whole imaging region diameter. The object is first placed in the middle of the
imaging region (concentric case) and simulations are carried out for different noise levels. Then, it is shifted to a
location that is in the midway between the center and periphery (eccentric case). The error values in reconstructed
images for noise-free and different noisy cases for the concentric and the eccentric object cases are given in Tables 1
and 2 respectively. 20 iterations are done for all cases. The reconstructed object conductivity values for the noise-
free case are 4.34 x 10735 /em ™! and 4.64 x 1073S /em ™! for the concentric and the eccentric objects respectively.
The full-width-at-half-maximum (FWHM) values for both the concentric and the eccentric inhomogeneity cases are
found to be equal to the size of a pixel.

The conductivity errors are lower than the potential errors for all cases. This is due to the fact that a conductivity
errors in elements closer to the boundary causes high potential errors. Therefore, although the total percent error
in potential may have high values, corresponding error in reconstructed conductivity is lower.

4.3. Thorax Phantom

In order to understand the performance of the algorithm for complex conductivity distributions, the human thorax
phantom in Fig. 3(a) is designed. The conductivity values of different tissues in this model are given in the first
column of Table 3. 10 iterations are done for noise-free case and the reconstructed image for this case is given in
Fig. 3(b). The average calculated conductivity values are given in the second column of Table 3. The highest error in
the reconstructed image is encountered in the regions corresponding to the bone. This is an expected situation since
the conductivity of the bone is on the order of 1/100 of the background. Total conductivity and the potential errors
are calculated as 9.74% and 28.03% respectively. The high potential error is due to the error made in estimating
the conductivity of bone located close to the boundary.

Reconstructed conductivity values when 5% and 10% noise is added to the data are also given in the third and
the fourth columns of Table 3. Again, 10 iterations are done for these cases. After the 10" iteration, the error values
start to increase and the algorithm diverges. The image reconstructed for 10% noise is given in Fig. 3(c). Note that
even in this image, boundaries of different tissues, except for the bone which is close to the boundary, can be easily
differentiated. In Fig. 3(d), the image at second iteration for 20% noise is given. The algorithm diverges after the
274 jteration, but although the errors are quite high, different structures can be differentiated.

5. CONCLUSIONS

In this study, an image reconstruction algorithm that generates absolute conductivity images with high resolution is
proposed and tested using simulated data. The FWHM values calculated for small objects placed in different parts



Table 3. Real and reconstructed conductivity values for thorax phantom. All units are S em ™!

tissue assigned value  noise-free 5 % noise 10 % noise
blood 6.67 x 1073 6.78 x 1073 6.86 x 10~° 6.95 x 1073
muscle 1.54 x 1073 1.65x 1072 1.54x 1073 1.39x 1073
bone 6.02 x 1073 3.17x107% 2.80x107° 1.06x 10~®
lung 769x107*  711x107* 6.68x107* 6.15x 107*
background ~ 2.00 x 1072 2.90 x 1073 2.89 x 1073 2.82 x 1073

(a) (b)
(c) (d)

Figure 3. Original and reconstructed thorax images. (a) Thorax phantom, (b) reconstructed image for 5 %noise,
(c) for 10 %noise, (d) for 20 %noise



of the imaging plane show that the sensitivity is independent of the location. For the FEM mesh used, the spatial
resolution is limited with the pixel size. If the size of the elements are reduced, the MR image resolution may be
the limiting factor for the spatial resolution. The true (absolute) conductivity values can be found with at most
10 — 15% error for the point objects.

The potential error is higher than the conductivity error for all cases. This arises from the fact that small
conductivity errors which are close to boundary causes relatively higher potential errors.

For complex conductivity distributions, the method and the suggested algorithm yields images with well defined
boundaries. The error in reconstructed conductivity values for lung, blood and muscle regions are below 20% for a
simulation noise of 20% and below 12% for a simulation noise of 10%. However, the errors in bone and background
conductivity are quite high. The high error in bone conductivity is an expected result since the conductivity of bone
is on the order of 1/100 of the background conductivity.

The results imply that the suggested method and algorithm can reconstruct absolute conductivity images with
high spatial resolution. Experimental validation and 3D extension are the topics that are being studied in the
ongoing work.
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