DE GRUYTER

Current Directions in Biomedical Engineering 2024;10(4): 61-65

Alberto Battistel*, Jack Wilkie, Rongging Chen, and Knut Méller
Multifrequency image reconstruction for
electrical impedance tomography

https://doi.org/10.1515/cdbme-2024-2015

Abstract: Electrical Impedance Tomography (EIT) is a med-
ical imaging technique that is primarily used to monitor the
respiration of a patient. Because EIT is based on electrical
measurements, it is a safe, non-invasive, and cost-effective
imaging technique. However, the EIT image reconstruction is
a severely ill-posed problem that gives low spatial resolution
where only large variations in tissue conductivity can be vi-
sualized. Furthermore, widely used time difference EIT relies
on a single frequency alternating current measurement which
does not allow for discrimination of different tissues on their
conductivity spectra. Here we show the application of a new
EIT reconstruction algorithm which correlates measurements
taken at different frequencies to include the spectral depen-
dency of the tissue properties. The algorithm is tested on a
simulated phantom using data for muscle and lung tissue from
the literature. It shows that contrary to a standard EIT image
reconstruction, the frequency dependence of the tissues is re-
tained, which can be used to further improve distinguishability
in EIT images.

Keywords: Electrical impedance tomography, multifre-
quency EIT, tissue conductivity, medical imaging, tensor prod-
uct.

1 Introduction

Electrical Impedance Tomography (EIT) is a medical imaging
technique that is based solely on electrical measurements. It
employs a set of electrodes to inject small alternating currents
while recording the generated voltages. It is widely used at the
bedside to monitor the patient’s ventilation using an electrode
belt fixed around the thorax. In fact, from the measured volt-
ages it is possible to reconstruct the conductivity distribution
of the chest, which is known as EIT reconstruction and it is a
well-studied inverse problem. This reconstruction is achieved
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through a forward model: the mathematical formulation of the
measurement. However, because of the intrinsic nonlinear na-
ture of the forward model and the fact that only peripherical
measurements are available, the inverse problem is severely
ill-posed resulting in a low spatial resolution in the EIT im-
ages.

To overcome this problem several authors proposed to
take advantage of measurements taken with alternating cur-
rents at more than a single frequency which is known under
the name of multifrequency EIT or mfEIT. Alberti et al. intro-
duced a new multifrequency reconstruction method enhanced
by a group sparse reconstruction algorithm capable of working
also in the presence of experimental uncertainties [1]. Mal-
one et al. propose spectral constraints in the image reconstruc-
tion through a nonlinear solver [2] and leveraging a combined
reconstruction-classification method [3]. On the other hand,
Yang et al. proposed Independent Component Analysis (ICA)
to distinguish different tissues in multifrequency EIT images
[4].

Here we propose an alternative multifrequency recon-
struction method for EIT. This method is based on a modified
forward model that is restricted to a family of spatial functions
where spectral correlation, i.e. frequency dependence, is intro-
duced by a tensor product with a simple frequency function. In
this way, the possible solutions of the EIT inverse problem are
de facto restricted to those satisfying the proposed tensor prod-
uct which correlates spatial and spectral information. The ad-
vantage of this approach compared to the previously reported
ones is its simplicity. Many of the already known and well-
employed tools in EIT, primarily regularization strategies and
forward problem framework, can be effortlessly used with this
new approach. Also, the components of the tensor product can
be easily exchanged.

As spatial functions, Zernike polynomials were used for
their well-known numerical performance in solving electrical
problems on disks [5] and their effectiveness in EIT inverse
problems [6, 7]. Whereas the spectral correlation was con-
strained by a low-order polynomial.

In this contribution, we introduce a new EIT reconstruc-
tion method that includes spectral correlation and demonstrate,
using simulated data, the differences between this method and
a standard reconstruction where measurements at different fre-
quencies are used independently.
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1.1 EIT reconstruction

In Electrical Impedance Tomography (EIT), the inverse prob-
lem or image reconstruction seeks to find the conductivity dis-
tribution o inside the thorax from only a set of boundary volt-
age measurements v. To reduce measurements artifacts and
model uncertainties the inverse problem is defined around a
reference state with z = 0 — oo and y = v — vy p:

& = argmin | F(z) - y[5 + AR(x), (1)
to find an estimated conductivity variation . Here F(z) is
the forward model that describes the measurements, R(z) is
a term added to impose additional constraints on the solution,
and ) is the weight of the constraints. In the assumption that
the conductivity changes x are small compared to 0. ¢ the for-
ward model F'(x) can be substituted with its Jacobain J = %,
which represents the variations in the measured voltages given
by a small perturbation around the reference conductivity dis-

tribution o s. At this point using for example Tikhonov reg-

ularization:
:I?:argnfgnHJx—3/|\§‘~‘)\||Iac\|§7 (2)
where [ is the identity matrix, the problem is solved as:
i=JT T+ A0 Uy = By. 3)

In this work, the conductivity perturbation was restricted
to a set of spatial, time-difference variations Z(p, ¢) follow-
ing our works on Discrete Cosine Transforms [8]. However,
in this contribution, we additionally enforce the frequency de-
pendence of the conductivity into the inverse problem. For this
purpose a tensor product T' = Z(p, )@ F'(f) between the spa-
tial variation and the spectral variation F'(f) was introduced:

T, )= > > Zi(p9) Fp(f)

n=0m=—n p=0

“

where Z;)" and F), are the basis of the respective spaces.

In this work, as spatial basis Z;,"(p, ), the normalized
Zernike polynomials were used, while for the spectral basis a
polynomial:

Fp(i):fp7

&)

was used, where, to improve numerical stability, the frequency
f was substituted by a logarithmically spaced frequency f.

For each frequency f; employed for the alternating current
stimulation, we obtain a set of voltage measurements v; and
corresponding conductivity distribution ;. « and y are then
modified stacking the values for every measurement with ¢ =
1,2, ..., N where N is the total number of frequencies.

By limiting the upper value for n, m, and p in Equation 4,
a restricted set of perturbations can be selected to form a new
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Fig. 1: Tissue conductance. a) Data from the literature [9, 10].
b) Difference conductance calculated against the background
(muscle tissue).

expanded Jacobian and the problem can be solved following
Equation 3.

Subsequently the conductivity variations &; at the proper
frequency ¢ can be selected.

2 Methods

To validate the proposed EIT reconstruction algorithm, the
Matlab package EIDORS version 3.11 [11] was used.

We simulated two 2D disk phantoms with 16 electrodes
using the Finite Element Method (FEM). Conductivities for
muscle, and inflated and deflated lung tissues were interpo-
lated from literature sources [9, 10] between 100 kHz and 1
MHz (see Figure 1 a) as to mimic a multifrequency EIT acqui-
sition. For each frequency, a simulation was conducted using
the appropriate conductivity values, accounting for frequency
dispersion but neglecting other effects such as nonlinear polar-
ization. The first phantom, composed entirely of muscle tissue,
served as a reference, while the second phantom included tar-
gets of deflated and inflated lung tissues.

The Jacobian expansion calculated from Equation 4 in-
cluded terms up to the 20th radial order of Zernike polynomi-
als, resulting in 924 degrees of freedom compared to 3136 for
traditional EIT methods. Conductance variations were recon-
structed using raw data, comparing standard EIT approaches
with Tikhonov regularization and frequency correlation. Dif-
ferent FEM meshes were used for the forward and inverse
models, and 0.1 % white noise was added to the simulations
[11].

For reproducibility, the complete code is available in a
public repository (https://bit.ly/BMT2024 _github).
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Fig. 2: Simulated phantom and reconstruction results. a) Simulated phantom with highlighted three points belonging to the background
and target 1 (left) and target 2 (right). Image reconstruction of at b) 100 kHz, c) 150 kHz, d) 220 kHz, e) 320 kHz, f) 460 kHz, g) 680 kHz,

and h) 1 MHz. Colors are normalized to the same scale.

3 Results and Discussion

Figure 1 a) shows the conductivity for three main tissues in the
human thorax. All three tissues show a different trend with the
displayed frequencies: muscle tissue is more conductive than
lung tissue and it shows an increase in value with the frequen-
cies; on the other hand, the inflated lung tissue has a modest
conductivity and its value is almost constant in the inspected
frequency range. The deflated lung tissue shows an intermedi-
ate trend which is weakly frequency-dependent.

Part b) of Figure 1 displays the difference in frequency de-
pendent conductivity against the background which was made
of muscle tissue. The figure highlights the trends already ob-
served in part a).

The ground truth of the simulations is reported in Figure
2 a). The background tissue was muscle (white in the figure),
target 1 (left circle) was made of deflated lung tissue and target
2 (right circle) was made of inflated lung tissue.

The image reconstruction made from the simulated data is
shown in Figure 2 b) to h), respectively, corresponding to the
frequency 100kHz to 1 MHz. The colormap was normalized
to highlight the reading of the targets shapes. The reconstruc-
tion at every frequency displayed a very similar information: a
well-defined dark blue path of low conductivity at the position
of target 2 and a less defined path of light blue at the position
of target 1. The rest of the images are covered by light yellow
patches on a white background. However, some minor differ-
ences existed. The shape of the main blue path is not the same

in all images. This path is larger and more round at lower fre-
quencies. The standard EIT reconstruction (not shown here)
displayed very similar features as Figure 2 b) to h).

Figure 3 displays the Euclidian distance or 2-norm of
6 — oo, where & is the calculated conductivity and og is
the original one, for the proposed and standard reconstruction
method. The 2-norm of the standard method went from circa
84 at the lowest frequency to 72 at the highest. Whereas for
the proposed method the 2-norm was between 20 and 26. On
the other hand, the collective 2-norm was all the reconstruc-
tions was 549 and 158 for the proposed and standard method,
respectively.
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Fig. 3: Performances of the two reconstruction algorithms.
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To examine the frequency trends in the reconstructed im-
ages, the conductivity at three highlighted red points in Figure
2 a) is depicted in Figure 4 for both the proposed and stan-
dard reconstruction methods. These points represent the base
muscle tissue and the centers of the two targets.

In the proposed method (Figure 4 a), the base tissue
conductivity is near zero across all frequencies, while the
deflated and inflated lung tissues (targets 1 and 2) show
clear frequency-dependent conductivity changes, increasing at
higher frequencies. Target 2 exhibits the greatest conductivity
differences.

Conversely, the standard method (Figure 4 b) shows
less pronounced frequency dependence, particularly for tar-
get 1, and generally lower conductivity changes at higher fre-
quencies, with target 2’s conductivity exceeding —4Sm™!
throughout most frequencies.

Comparing Figure 4 with Figure 1 b), it is evident that the
proposed algorithm preserves the qualitative frequency depen-
dence and in particular the conductivity range, demonstrating
its superiority over the standard algorithm. This is agreement
with the findings of Figure 3 which showed that the proposed
algorithm had higher fidelity also in respect to the whole im-
age.

Furthermore, the degrees of freedom of the reconstruction
problem were significantly lower in the case of the new algo-
rithm even when all the measurements were taken together.
This has the advantage of reducing the ill-posedness of the
EIT inverse problem and increasing resilience against noise.

However, several limitations apply to this work. First, it
is based on a well-defined simulation and verification is nec-
essary against a larger group of data. Second the geometry of
the phantom privileged the use of Zernike functions [5]. Nev-
ertheless, since the proposed algorithm only requires a set of
perturbations in the form of a tensor product, other basis func-
tions can easily be employed. This holds also for the spectral
dependence, which was chosen as simply as possible here, but
could be used to impose additional prior information.

4 Conclusions

The proposed algorithm for EIT reconstruction which en-
forced a frequency correlation successfully produced images
that resemble the simulated ground truth at all investigated fre-
quencies. The images were also qualitatively very similar to
those recovered with a standard EIT reconstruction algorithm.
However, whereas the simulated targets could be distinguished
in both cases, the quantitative trend of the tissue conductivity
was retained only by enforcing a spectral correlation between
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Fig. 4: Recovered conductivities for the three points highlighted in
Figure 2 a) for the proposed reconstruction method (a) and for a
standard reconstruction (b).

different frequencies, which could be used to improve distin-
guishability in EIT images.
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