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ABSTRACT

The article presents a study of the application of electro-impedance tomography
(EIT) in diagnosing lung capacity using the Tikhonov regularization method. The
possibility of reconstructing the lungs to monitor the degree of air filling was inves-
tigated. The experiment included a series of tests using a torso phantom designed
to simulate different states of the lungs — from fully inflated to fully deflated. Lung-
filling states were manipulated in controlled scenarios to test nine main experimental
conditions reflecting different lung-filling states. In addition, the quality of recon-
struction was checked using various types of reference backgrounds. The results
show significant differences in lung volume reconstructions depending on the lung
filling state. The most successful reconstructions, which were obtained using the ,No
phantom’ background, provided the most explicit visualization of the lungs, reassuring
the method’s reliability. The experiments confirm the potential of EIT to distinguish
between different lung states and reconstruct the degree of lung filling. The study also
underscores the need to optimize the reference background to increase the precision
of the images, especially for the left lung.

STRESZCZENIE

Artykul przedstawia badania zastosowania elektroimpedancyjnej tomografii (EIT)
w diagnostyce pojemnosci pluc za pomocg metody regularyzacji Tichonowa. Zbadano
mozliwosci rekonstrukeji ptuc w celu monitorowania stopnia ich wypelnienia po-
wietrzem. Eksperyment objat serie testow z uzyciem fantomu klatki piersiowej, za-
projektowanego do symulacji réznych stanéw ptuc - od catkowicie napelnionych do
catkowicie opréznionych. Manipulowano stanami wypelnienia ptuc w kontrolowa-
nych scenariuszach, aby zbada¢ dziewig¢¢ gléwnych warunkow eksperymentalnych
odzwierciedlajacych rdzne stany wypelnienia pluc. Dodatkowo sprawdzono jako$¢
rekonstrukeji przy wykorzystaniu réznych rodzajow tla referencyjnego Wyniki wska-
zujg na znaczace roznice w rekonstrukcjach objetosci pluc, zalezne od stanu ich
wypetnienia. Najskuteczniejsze rekonstrukcje uzyskano przy uzyciu tta ,No phan-
tom, ktore zapewnilo najwyrazniejsza wizualizacje ptuc. Eksperymenty potwierdzajg
potencjal EIT do rozrézniania rdznych stanéw pluc oraz rekonstrukcji stopnia ich
wypelnienia. Badanie podkresla réwniez potrzebe optymalizacji tla referencyjnego
w celu zwiekszenia precyzji obrazéw, zwlaszcza dla lewego pluca.

KEYwoRDS: Electrical impedance tomography, lung volume reconstruction, pulmonary
diagnostics, medical imaging, phantom examination

Srowa KLUCZOWE: elektryczna tomografia impedancyjnej, rekonstrukcja objetosci
pluc, diagnostyka pulmonologiczna, obrazowanie medyczne,
badanie fantomowe
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INTRODUCTION

Tomography is an imaging technique used in medicine and industry that
allows detailed visualization of the internal structure of objects or organisms
under study without opening or destroying them. Tomographic techniques are
divided into invasive and non-invasive, with different applications depending
on the accuracy and resolution of the images needed.

Invasive methods, such as angiography and endoscopy, require surgical in-
tervention or the insertion of instruments into the body. Angiography, which
involves the introduction of a contrast agent into the blood vessels, is crucial
in diagnosing cardiovascular disease (Omeh and Shlofmitz, 2023). Endoscopy;,
which allows direct visualization of the inside of organs, is widely used in ana-
lyzing the stomach or intestines (The et al., 2020). Computed tomography (CT),
using X-rays, is used to diagnose trauma, cancer, and circulatory problems thanks
to its ability to produce cross-sectional images of the body (Morigi et al., 2022).

Non-invasive methods such as magnetic resonance imaging (MRI) and
ultrasound (USG) are valuable for their safety and speed of image acqui-
sition. MRI uses strong magnetic fields and radio waves to generate de-
tailed images of soft tissues ( Mikulka, 2015; Kak and Slaney, 1999; Zywica
et al., 2020), while ultrasound, using high-frequency sound waves, helps
monitor pregnancy and internal organ function, although its image quality
can be limited (Mojabi and Vetri, 2016; Wiskin et al., 2020). Electroimpedance
tomography (EIT), based on measuring changes in tissue electrical conduc-
tivity, is used both in medicine to monitor lung and heart function (Mansouri
et al.2021) and in industry to analyze material properties (Garbaa et al.,
2016; Banasiak, 2014; Kryszyn and Smolik, 2017; Kryszyn and Wanta, 2017,
Majchrowicz et al., 2017; Wajman et al., 2013). Optical tomography, including
techniques like optical coherence tomography (OCT), offers high-resolution
images of tissue surfaces, particularly useful in ophthalmology and dermatol-
ogy but with limited penetration depth. In industry, computed tomography
(CT) is used for quality control, inspection of machine components, and
detection of internal defects without destroying the product (Rymarczyk
and Klosowski 2019; Wang et al. 2010; Garbaa et al. 2016.; Rymarczyk et
al. 2021). These techniques also allow for material analysis, such as detecting
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wall moisture (Rymarczyk et al., 2018; Berowski et al., 2005). or leaks in the
floodwalls (Ktosowski et al., 2018; Rymarczyk et al., 2021).

Electrical impedance tomography (EIT) is a non-invasive imaging method
that is increasingly used in clinical medicine, primarily to monitor lung or
cardiac function. The process is based on measuring changes in tissue electri-
cal conductivity induced by externally applied currents of low intensity and
frequency. The recorded changes are analyzed and transformed into images
that provide valuable diagnostic and monitoring information. EIT allows
observation of dynamic physiological processes in real-time, without harmful
radiation, which is a significant advantage, especially in intensive care and
monitoring of critical conditions (Mansouri et al., 2021).

The importance of EIT is particularly significant in assessing the condition
of the lungs, where traditional methods such as chest X-rays and CT scans
may be inadequate due to their invasiveness or radiation exposure. The abil-
ity to advance this technology to provide real-time information will allow
physicians to continuously track lung and heart function, which is crucial in
cases such as acute lung injury or chronic obstructive pulmonary disease. This
article aims to present detailed findings on using EIT for the torso phantom,
highlighting the potential of this method to improve lung monitoring. The
paper also investigates the challenges of implementing this technology in
real-world clinical trials and its future medical applications.

RESEARCH METHODOLOGY

The inverse problem is a critical issue in the reconstruction of CT images. In
solving the inverse problem in tomography, both deterministic methods,
such as the integer variable method (Xi, 2020), Gauss-Newton algorithm
with Tikhonov penalization (Bangti and Maass, 2012), and machine learn-
ing methods, including neural networks (Klosowski et al., 2021), elastic net
method (Rymarczyk and Klosowski, 2019) or logistic regression (Rymarczyk
et al. 2021), are used. A comparison of the quality of reconstruction using
different methods can be found in the literature (Rymarczyk et al. 2021;
Klosowski et al. 2021).
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In this study, the Gauss-Newton algorithm was used to reconstruct im-
ages. This algorithm is notably recognized for its effectiveness in improving
image quality while minimizing the impact of noise. In electro-impedance to-
mography, image reconstruction based on potential measurements at the body
surface is an inherently poorly conditioned problem, meaning that even small
changes in the input data can lead to significant differences in the results. In
this context, using appropriate methods to stabilize the solution becomes
crucial. One of the most effective approaches for tackling ill-conditioned
problems is Tikhonov regularization. This method significantly improves
image reconstruction quality by adding a regularization factor, otherwise
known as a penalty, to the inversion problem. Thus, the Tikhonov algorithm
effectively stabilizes solving the inverse problem. In Tikhonov’s algorithm, the
objective function given by equation (1) must be minimized.

FO) = 2{ [tz (U = UM)|* + 22 L oy = )17} (1)

y - conductivity vector, y* - the a priori assumed conductivity vector, U,, — voltage
measured experimentally, U, (y) - voltage calculated using numerical methods (FEM),
L,, L, - regularization matrix, A — regularization parameter.

The experiment used a torso phantom, which allowed controlled simula-
tions of physiological conditions necessary to evaluate the algorithm’s effec-
tiveness under realistic but stable laboratory conditions.

TOoRSO PHANTOM

The torso phantom created for the study was designed as a simplified version
of the lungs. It preserves the original overall shape of the natural lungs. By
omitting more complex structures and details, it is possible to test the repro-
ducibility of the images on the one hand and create a simplified model for
subsequent modifications on the other. The model was designed to reproduce
the asymmetry of natural lungs — the right lung is larger than the left lung,
corresponding to the natural arrangement of organs to make room for the
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heart Figure 1. The model’s height can be adjusted, and electrode mounts
were installed at shoulder height. The phantom was constructed with multiple
gluing steps to increase its strength and tightness.

Figure 1. Photo of the Phantom and measurement system

Graphite electrodes with a diameter of 4 mm were attached to the phantom,
placed on laminated copper tapes, and secured with plastic sleeves. These
electrodes are connected to PCBs that contain SMB sockets and mounted
on the aforementioned tapes. Each electrode is part of a complete mounting
system, which allows easy placement around the phantom circuit.

In addition, for the study of lung function, the trachea was mapped using
a tube through which air was pumped. Such a procedure allows disturbances
resulting from the trachea and the patient’s breathing to be introduced into
the measurements. The device is powered by an external 12V/2A DC voltage
source and controlled by a PWM controller, which allows the speed of air
pumping to be adjusted.
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FINITE ELEMENT METHOD

The finite element method was used to model the torso phantom. The
finite element method (FEM) for impedance tomography (EIT) involves
a three-dimensional space analysis for this study, with a quadrilateral finite
element mesh model (Kania et al. 2022).

One then considers the functional in the space of three-dimensional form:

s@)= [ [ [simsiran+ Y = [ [ o= vyao @
1

The solution of the simple problem reduces to the minimization of the
above function, where zero variation is necessary for minimization.

' 2
SE(p) =2 fna Vo) - V(6p)dv +Z Z—Jﬂ(d) - U)bpdw =0 3)
1

where V¢ (v) - electric potential gradient ¢, dr — volume element, dw - surface com-
ponent, o — electrical conductivity, U, - electrical potential on electrodes, §¢ — variance
of potential, z, — coefficient characterizing the electrodes, Q — volume area, IT - the

surface on which the electrodes are placed.

The primary goal of FEM in EIT is to solve the above functions by discre-
tizing the analysis area into smaller manageable units (finite elements), using
interpolating functions that allow approximation of the potential distribution
in the analyzed area. This method allows efficient solutions to engineering and
medical problems, such as reconstruction of images of internal body structures.

For finite elements in the form of tetrahedrons, the final sensitivity matrix
is obtained using equations (4) and (5).

1
MS———qus Tda, @
0poy 0poy 0¢oyY

MS = Ty T
S 6x6x+6y6y 32 57 L 5)
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where, ¢ is the potential at the nodes for electrode stimulation, while the v is the
potential at the nodes for the measuring electrodes.

The sensitivity matrix is key to determining how changes in conductivity
affect measured voltages in EIT. It expresses the linear relationship between
small changes in conductivity and induced changes in electrode voltages.

RESULTS

The experiment involved analyzing the ability to reconstruct lung capacity us-
ing an advanced imaging technique. The study involved a series of experiments in
which the lung-filling state was manipulated in different configurations. Various
states of both lungs were tested, from fully blown to fully inflated, in different
combinations for each lung. Nine central experimental states were created, de-
scribed as other states of lung filling: from full expiration (both lungs blown
out) through intermediate states to full inspiration (both lungs filled with air).

In addition, the experiment included three different reference backgrounds:
‘No phantom, ‘Background Lungs, and ‘Background Spine. Changing the
reference background was intended to investigate how different backgrounds
affect the visibility and reconstruction of the lungs during the imaging process.

Figure 2. Case reconstructions: Left lung in an intermediate state, right lung filled
a)reference ,No phantom, b)reference ,Background Lungs, c)reference ,Background Spine’
d)photo of phantom
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Figure 3. Case reconstructions: Left lung in intermediate state, right lung pumped out
(a) reference ‘Without phantont, (b) reference ‘Lungs in background’, (c) reference ‘Spine
in background’ (d) photo of phantom

a) “

Figure 4. Case reconstructions: The left lung is filled, and the right lung is in an
intermediate state (a) reference No phantom, (b) reference Lungs in the background,
(c) reference Spine in the background (d) photo of the phantom

Figure 5. Case reconstructions: Left lung is wholly filled, the right lung is pumped out
(a) reference 'Without phantom’, (b) reference 'Lungs in the background', (c) reference
Spine in background’ (d) photo of phantom

a)u“
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Figure 6. Case reconstructions: The left lung is pumped out, and the right lung is in an
intermediate state a) Reference Without phantom’, b) Reference ,Lungs in the
background’, c) Reference ,Spine in background’ d) photo of phantom

Figure 7. Case reconstructions: Left lung is pumped out, the right lung is filled
(a) reference ‘Without phantont, (b) reference ‘Lungs in the background’, (c) reference
Spine in the background’ (d) photo of phantom

Figure 8. Case reconstructions: Both lungs slightly filled with air (intermediate state)
a) reference No phantom, b) reference Lungs in the background, c) reference Spine in
the background d) photo of phantom

a) "
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Figure 9: Case reconstructions: Both lungs filled with air (one breath) a) reference
‘Without phantont, b) reference ‘Lungs in the background’, c) reference ‘Spine in background’
d) photo of phantom

Figure 10. Case reconstructions: Both lungs deflated (complete exhalation) (a) No phantom
reference, (b) Background lung reference, (c) Background spine reference (d) photo of phantom

!'T'

The experiment’s results show significant differences in the reconstruction
of lung volumes, which are dependent on the state of lung filling. The best
reconstruction results were obtained under conditions where no phantom
was used (‘No phantony’), which allowed the clearest visualization of the lungs
without additional background artifacts. When using ‘Background Lungs’ and
‘Background Spine’ backgrounds, worse results were observed, especially for
the left lung, which was not visible in these settings.

An interesting observation is that the right lung (larger), was better recon-
structed in each of the scenarios tested. This observation is as expected, given
the asymmetry of human lung anatomy.

The experiment confirmed that the imaging technique used in the study
can effectively distinguish between different states of lung filling, which can
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be crucial in medical diagnosis, especially in pulmonology studies. The re-
sults also indicate the potential need to optimize the reference background
to obtain more precise images, especially for the left lung.

CONCLUSIONS

This paper presents a study on the applicability of electroimpedance to-
mography (EIT) in pulmonary diagnostics. The purpose of the study was
to analyze the ability of EIT to reconstruct lung volumes based on different
lung filling states that were manipulated in a controlled manner. A series of
experiments were performed with varying combinations of filling states of
both lungs, illustrated in Figures 2 through 10, showing different scenarios
from fully blown to fully inflated lungs. The study was conducted on a phan-
tom reflecting human anatomy. The effects of various reference backgrounds,
including ‘No phantom, ‘Background Lungs, and ‘Background Spine, were
investigated. Analysis showed that the best image reconstruction quality was
achieved without a phantom (‘No phantom’), resulting in the clearest visual-
izations of the lungs. Reduced imaging quality was noted in the ‘Background
Lungs’ and ‘Background Spine’ backgrounds, especially for the left lung, which
was not visible. The experiments confirmed that the larger right lung was sys-
tematically better reconstructed regardless of the reference background used.

The paper also emphasizes the importance of using realistic phantom models
replicating natural anatomical conditions. The torso phantom designed for
the experiment allowed simulations of respiration and other physiological
processes affecting EIT results. In conclusion, the study’s results indicate that
electroimpedance tomography has significant potential to improve the diagno-
sis of lung diseases, particularly in measuring lung capacity. Further develop-
ment of this technique, particularly optimization of the reference background
and processing algorithms, could help improve the precision and reliability of
diagnosis while offering a safe and comfortable testing method for patients.
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