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ABSTRACT

REAL-TIME 2D AND 3D ELECTRICAL IMPEDANCE TOMOGRAPHY AND
APPLICATIONS

Electrical impedance tomography (EIT) is a non-invasive and non-ionizing real-time bed-
side imaging modality for functional pulmonary imaging. The EIT systems produce images of
impedance distributions within the body by injecting electric currents and measuring voltages on
electrodes applied to the skin. Regional EIT images of ventilation and pulsatile perfusion have the
potential to provide information about the lung structure and function of patients with pulmonary
diseases.

The Adaptive Current Tomograph 5 (ACTS) system is a novel EIT system that can provide
2D and 3D EIT measurements from ventilation and pulsatile perfusion sequences, and simultane-
ously monitor heart activity by measuring and recording the electrocardiogram (ECG) at all active
electrodes while measuring EIT data. This dissertation describes all the components present in the
software side of the ACTS5 system, which include 2D and 3D EIT reconstruction algorithms, digital
filters, a graphical user interface, and the EIT reconstructions on healthy controls and patients with
cardiac and pulmonary diseases.

To evaluate the potential of EIT on reconstructing pulmonary ventilation and pulsatile perfu-
sion images, EIT reconstructions were performed from data collected on premature babies and
patients with cystic fibrosis, acute respiratory distress syndrome, pulmonary vein stenosis, and
healthy control subjects. The EIT reconstructions from patients show different ventilation and per-
fusion distributions when compared to healthy subjects. Lung regions affected by cardiopulmonary

diseases can also be identified in the EIT reconstructions.
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Chapter 1

Introduction

1.1 Electrical Impedance Tomography (EIT)

Electrical impedance tomography (EIT) is a noninvasive, non-ionizing functional imaging tech-
nique that can be used in several medical applications such as monitoring the brain and heart ac-
tivity [1, 2, 3], pulmonary ventilation [4, 5], and cancer detection [6, 7]. EIT systems can generate
dynamic real-time images of the electrical conductivity in a region of interest using voltage mea-
surements that arise from the application of low-amplitude, low-frequency AC currents. Several
factors can influence the estimated conductivity in different regions of the body which include
water and fat content, condition of the tissues, and bone structures - Table 1.1 shows the average

conductivity values for different tissues [1, 8].

Table 1.1: Typical conductivity of several tissues.

Tissue Conductivity (mS/m)

Blood 500-600
Lungs - end inspiration 42
Lungs - end expiration 138

Muscle 200-400
Fat 50
Bone 6

Most EIT applications are related to functional monitoring of the lungs [9, 10, 11]. EIT systems
offer several advantages over other imaging modalities such as X-rays, Computed Tomography
(CT), and Magnetic Resonance Imaging (MRI). EIT has high temporal resolution, is radiation-
free, portable, and can be used at the bedside for continuous monitoring, which is not possible to

achieve with CT and MRI systems, since patients have to be transferred to the radiology sector.



Although some X-ray machines can be used at the bedside, the application is more selective to
Intensive Care Unit (ICU) [12], and due to ionizing exposure, X-ray exams are not used for long
periods of time and not frequently.

The main disadvantage of EIT is that the inverse problem is severely ill-posed, which means
that it is very sensitive to modeling errors and measurement noise. EIT also suffers from artifacts
caused by out-of-reconstruction-plane currents and low spatial resolution due to the limited amount
of electrodes that can be applied to the body, along with the ill-posedness of the EIT inverse
problem. Moreover, EIT highly depends on good electrode attachment to the body.

EIT is an emerging imaging technique with high potential for cardiac and lung function mon-
itoring. Thus, in the last few decades, EIT systems have been commercialized, making the EIT
technology more well-known worldwide, as well as increasing the need for more accurate and

sensitive EIT systems.

1.2 EIT Systems

PulmoVista 500 is an EIT system commercialized by Driger-Germany which runs real-time
EIT reconstructions by solving the inverse problem using a Newton-Raphson reconstruction al-
gorithm and forward problem based on the Finite Element Method (FEM) at 20 frames/sec with
adjustable options between 10-50 frames/sec on a single row of 16 electrodes placed around the
chest wall and ground electrode placed on the abdomen [13]. PulmoVista 500 applies pairwise pat-
terns with maximum amplitude 9 mA with frequency between 80-130 kHz to adjacent electrodes
and measures the resulting voltages on the remaining 14 electrodes [13, 14].

Sentec-Switzerland commercializes the LuMon EIT system. LuMon runs real-time EIT recon-
structions at 50 frames /sec or greater on a single row of 32 electrodes placed around the chest wall
by applying pairwise-current patterns with maximum amplitude 3.7 mA at frequency 200 kHz to

adjacent electrodes and measures the resulting voltages on the remaining 14 electrodes [15, 14].



Another commercial EIT system is ENLIGHT 2100 by Timpel-Brazil which runs real-time
EIT reconstructions at 50 frames /sec on a single row of 32 electrodes placed around the chest wall
[16] by applying pairwise-current patterns at frequency 125 kHz [14].

Adaptive Current Tomograph (ACT3) was a research EIT System developed at Rensselaer
Polytechnic Institute (RPI) in 1994 that collects data at 18.5 frames/sec on 32 electrodes that can
be arranged in 2D or 3D configuration [17]. ACT3 had a parallel current drive and can apply
current patterns and measure the resulting real and reactive voltages on all electrode configurations.
The maximum current amplitude is 0.5 mA with operation frequency at 28 kHz [17, 14].

Based on the ACT3 model, General Electric (GE) developed in collaboration with the team
at RPI a high-precision parallel current drive prototype EIT system called GE GENESIS that can
simultaneously drive 32 independent current sources and measure 32 resulting voltages [18]. The
GE GENESIS system applies maximum current amplitude of 0.120 mA at 10 kHz excitation fre-

quency for both 2D and 3D electrode arrangements [18].

1.3 EIT Reconstruction Algorithms

One of the first 2D EIT reconstruction algorithms was a filtered backprojection algorithm in-
troduced by Barber and Brown in 1984 [19]. Filtered backprojection algorithms are efficient with
low computational cost, but due to the nonlinearity and ill-posedness of the EIT inverse problem,
the reconstructed image resolution is poor [19], and there is no way to remove corrupted data, and
no flexibility regarding the sequence of current injections and voltage measurements [1].

The most common 2D EIT reconstruction algorithms use iterative methods such as the one-step
Newton-Raphson and one-step Gauss-Newton methods to solve a linearized EIT inverse problem
and use FEM approximations to solve the forward problem, which can be applied to any domain
of interest [20]. Another well-known 2D EIT reconstruction algorithm is Newton One-Step Error
Reconstructor (NOSER), which is a linearized algorithm that takes one step in a Newton’s method
reconstruction with a constant admittivity initial guess that is the best constant admittivity fit to the

measured data. [21]. The iterative EIT reconstruction algorithms are fast and can be implemented



for real-time reconstruction display, but since they solve a linearized EIT inverse problem, it is
more sensitive to noise and regularization strategies, and static images are very difficult to be
obtained from human subject data.

Machine learning-based techniques have also been applied to EIT reconstruction algorithms.
End-to-end algorithms use neural networks to train a network to produce images directly from
the set of measured data [22]. Machine learning has also been used to improve the EIT spatial
resolution through training sets derived from CT scans [23]. However, large studies are still needed
to ensure that pathologies are accurately represented since the training sets are database-depended
and may cause biased results [23].

Statistical inversion methods are also applied to the EIT reconstruction algorithms by using
the Bayesian method to model the EIT inverse problem in the form of statistical inference from
the distribution of the unknown parameters [24]. This method allows the incorporation of prior
information in a controlled way into the calculations, and to obtain the full statistical description
of the prior information and the measurements [24, 25]. However, the Bayesian methods highly
depend on the prior, and are computationally expensive [26].

More complex direct (non-iterative) EIT algorithms that fully solve the non-linear EIT inverse
problem have been developed. Calderén and D-bar methods [27, 28] use Complex Geometrical
Optics (CGO) solutions and nonlinear Fourier transforms to solve the inverse problem [28].

While the state-of-the-art for commercial EIT systems is 2D tomographic imaging, it is well-
known that 3D reconstruction algorithms increase accuracy and decrease artifacts caused by fea-
tures above or below the plane of electrodes projected into the reconstructed slice.

2D EIT reconstructions are highly sensitive to objects that are above or below the electrode
plane, and it was demonstrated on data collected in a cylindrical tank that by adding an additional
electrode belt and using 3D current patterns, the artifacts from an out-of-plane target was reduced
from 35% to 10% of the target value [8]. Moreover, using multiple rows of electrodes for 3D
EIT imaging also provides more information about the region of interest since there are more

reconstructed tomographic slices.



Three-Dimensional Linearized Reconstructor (ToDLeR) reconstruction algorithm was intro-
duced by Goble in 1990, and Blue in 1997, which uses a linearization approach to solve the 3D
forward problem considering a constant initial guess and the inverse 3D EIT problem [29, 8].
ToDLeR has been used to reconstruct images collected using the GE GENESIS system from pa-
tients with spinal muscular atrophy type I [30] and mechanically ventilated patients with acute
respiratory distress syndrome (ARDS) [31], providing more information about ventilation and per-

fusion using the same total number of 32 electrodes as in the 2D reconstruction algorithms.

1.4 Adaptive Current Tomograph 5 (ACTS5) System

The Electrical Impedance Tomography (EIT) Lab at Colorado State University (CSU) in col-
laboration with University at Albany (UAlbany) developed the new Adaptive Current Tomograph
5 System (ACT5) [14]. The team at UAlbany designed the hardware and the firmware for the Field
Programmable Gate Array (FPGA) boards while the EIT lab implemented the software component
that runs the ACTS5 system.

The ACTS system is a portable device that uses a laptop computer for full functionality. The
design of the ACTS system allows a flexible configuration that makes it possible to use different
numbers of active electrodes and the application of any desired current patterns [32]. Moreover,
the ACTS system is also able to simultaneously measure electrocardiogram (ECG) signals on all
active electrodes, which is not provided by any commercial system.

This dissertation describes all the components present in the software side of the ACTS system,
which include 2D and 3D EIT reconstruction algorithms, digital filters, a graphical user interface,
and the preliminary data collection and EIT reconstructions on healthy controls and patients with
cardiac or pulmonary diseases.

Since ACTS is designed to monitor the thoracic region through the measurements of ventilation
and pulsatile perfusion signals, a user-friendly clinical interface was developed to fully control the

ACTS system so that it can be used for human data collection at hospitals.



Both NOSER and ToDLeR algorithms were real-time implemented to produce real-time 2D
and 3D reconstructions, respectively, from ACTS data. Data collected on 2D and 3D tanks were
used to test and optimize the reconstruction algorithms. Moreover, digital filters were designed to

separate the ECG signal from the EIT signal.

1.5 EIT Applications

As part of this dissertation, 2D and 3D EIT data collection on human subjects were performed
on healthy controls and patients at the University of Colorado Anschutz Medical Campus, Chil-
dren’s Hospital of Colorado, and in the EIT lab at CSU. The ACT5 system was used to image Cys-
tic Fibrosis (CF) and Pulmonary Vein Stenosis (PVS) patients, and premature babies with Bron-
chopulmonary Dysplasia (BPD). Before the ACTS system was built, the GE GENESIS system was
used to image mechanically ventilated ARDS patients in collaboration with the GE Healthcare.

Patients with CF have a genetic condition that affects several organs including the lungs by
causing long-term inflammation, which may lead to damage of lung tissues and respiratory failure
[33]. Premature babies may develop different grades of BPD, which increases in severity due to
the lungs not fully developing during gestation [34]. Patients with BPD usually receive respiratory
therapy through non-invasive and invasive mechanical ventilation to help lung development. PVS
is also one of the complications related to BPD. This disease causes one or more pulmonary veins to
get narrower or be completely occluded, which increases the pulmonary pressure but also reduces
the amount of blood circulating in the lungs [35]. ARDS causes fluid buildup which keeps the
lungs from filling with enough air, leading to difficult breathing and eventually severe lung injuries.
Patients with ARDS are mechanically ventilated, and one of the main challenges is to reduce
ventilator-induced lung injury due to prolonged exposure or injurious ventilator settings.

We hypothesize that EIT can provide sensitive measures of changes in lung structure and func-
tion in patients of all ages, including the reversible conditions of air trapping and consolidation.

Moreover, due to the high signal-to-noise ratio (SNR) and sensitivity of the ACTS system [14], we



hypothesize that patients with cardiac diseases that affect their lung perfusion will be captured by
the pulsatile perfusion EIT image.

In this dissertation, EIT reconstructions of patients are compared to EIT reconstructions of
healthy control subjects to assess the differences in lung structures during tidal breathing and pul-
satile perfusion in both 2D and 3D EIT imaging. Longitudinal and statistical analysis were also
performed to quantify the EIT-derived measures and how they correlate with the patient’s clinical

conditions.



Chapter 2

Background

2.1 Acute Respiratory Distress Syndrome (ARDS)

Acute Respiratory Distress Syndrome (ARDS) is a clinical syndrome caused by lung injury
and inflammation which appears as hypoxaemia (low level of oxygen in the blood), pulmonary
oedema, and reduced lung compliance [36] [37]. Despite the advances in the management of
patients with ARDS that occurred in the last decades, ARDS continues to have a high mortality
rate of 34.9%, 40.3%, and 46.1% in mild, moderate, and severe ARDS cases, respectively [38].

Since there are no drugs or therapies to treat ARDS, mechanical ventilation support is still
the best practice for the management of patients with ARDS. The ventilator settings for lung pro-
tective ventilation in ARDS include low tidal volume ventilation to prevent tidal hyperinflation
and the application of positive end-expiratory pressure (PEEP) to improve hypoxemia and limit
cyclic atelectasis [39]. However, prolonged exposure to mechanical ventilation can also lead to
Ventilator-Induced Lung Injury (VILI). Thus, determining when to begin the weaning process re-
mains a daily challenge for ICU clinicians.

For patients in recovery, the decision to wean the patient from the ventilator is most often based
on the clinical judgment of the physician [40]. This process takes into account personal experience
and bedside observation of the evolution of parameters, usually blood gases, oxygen needs, and
ventilator settings during a spontaneous breathing trial (SBT). Partially supported breathing modes
may improve gas exchange, hemodynamics, and non-pulmonary organ perfusion and function,
which is also associated with reduced sedation and prevention of disuse and loss of peripheral
muscle and diaphragm function [41].

Patients who pass the SBT can attempt ventilator weaning and endotracheal tube removal.
However, some patients develop respiratory failure after weaning and there is also evidence that

indicates that the SBT may also cause or worsen acute lung injury [41] [42]. Thus, having more



information about the patient’s condition during an SBT along with the ventilator parameters may
increase successful extubation.

Real-time EIT images of ventilation and pulmonary perfusion distribution during SBT could
provide an objective measure to aid the physician in making a more informed determination re-
garding the likelihood of successful extubation, which could decrease the patient’s overall days on

the ventilator, as well as diminish the likelihood of re-intubation.

2.2 Cystic Fibrosis (CF)

Cystic fibrosis (CF) is the most common fatal genetic disease in the United States, and res-
piratory failure is the primary cause of mortality [33]. Recent studies show that lung disease
commences very early in life in CF patients and is often initially silent [43][44][45].

Patients with CF are likely to experience acute Pulmonary Exacerbations (PEx), which are
associated with lung function decline, leading to poor quality of life, increased hospitalizations,
and decreased survival [46]. CF PEx rates increase with age and disease progression. Cystic
Fibrosis Foundation registry data documented 27% of children with CF and 44% of adults with CF
suffered an acute PE in 2013 [47].

Disease management and PE treatment decisions are often based on lung function informa-
tion obtained either symptomatically or from pulmonary function tests (PFT’s). However, most
children under age 6 are unable to reliably perform the spirometry maneuvers in PFT’s. Further-
more, this single index of lung function does not provide any regional or structural pulmonary
information. Moreover, significant abnormalities are often visible in CT scans in children with CF
whose PFT’s fall in the normal range [45], indicating a lack of sensitivity in the PFT’s to struc-
tural pulmonary changes. Thus, for better disease management, CF patients must be evaluated on
functional and structural changes [45].

Computed tomography (CT) is the gold standard for assessing structural lung injury, but there
is great concern about the long-term risks of CT due to ionizing radiation exposure [48], partic-

ularly for pediatric patients [49] and CF patients [50]. MRI techniques such as hyperpolarized



helium [51] [52] [53], oxygen-enhanced MRI [54], and contrast-enhanced MR perfusion [55] have
been demonstrated as techniques for assessing functional lung impairment in CF patients. These
techniques are also safe and non-ionizing but are also still experimental. In addition, ventilation
MRI has been shown to be sensitive to lung function abnormalities before changes are evident in
spirometry [56] [57] [58]. However, regions of air trapping are not typically visible in ventila-
tion MRI due to the low signal of normal lung parenchyma, which is not significantly decreased
through an increase in air volume [59].

Because of the lack of a non-radiating alternative and since MRI techniques have the high cost
of the hyperpolarizer and gases, and this technology is not widely available, the standard of care
is for CF patients to have CT scans performed approximately every three years, and sometimes
more often if clinically indicated. The reversible conditions of air trapping and consolidation can
be seen in the CT scans, but due to radiation concerns, CT scans are not typically used to assess
the success of antibiotic treatment for a PE. Thus, there is a need for an imaging technique to fill
this clinical gap.

EIT has been demonstrated to be sensitive to peripheral airway changes [60] [61], and there-
fore it is expected that it can detect pulmonary inhomogeneities in very young patients, which is
particularly useful since these patients cannot perform PFT’s and are less likely to undergo a CT
scan due to their age. Thus, EIT has strong potential as a monitoring tool for structural pulmonary
changes that indicate disease progression and for assessing patient response to the treatment of
PEx’s, facilitating clinical decision-making about air clearance therapies and medications to treat

reversible conditions and prevent further structural damage.

2.3 Bronchopulmonary Dysplasia (BPD)

Prematurity is defined as being born before 37 weeks of gestation. Risks of mortality and
morbidity increase according to the degree of prematurity, with subcategories based on gestational
age such as extremely preterm (less than 28 weeks), very preterm (28 to less than 32 weeks), and

moderate to late preterm (32 to 37 weeks) [62].
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Around 13.4 million preterm births occurred in 2020 worldwide, which accounts for about 10%
of births in that year [62], and approximately 17% of children younger than 5 years who had been
born preterm died due to preterm birth complications in 2019 [63]. In 2020, about 366,200 preterm
births occurred in the USA alone, with a preterm birth rate of about 10% [62].

Premature babies have substantially higher risks of adverse outcomes with Bronchopulmonary
dysplasia (BPD) being the most common and severe chronic respiratory illness among preterm-
born infants [64]. Despite advances in neonatal care with conditions related to prematurity, leading
to improved survival rates, there has been no decrease in the incidence of BPD among premature
babies [65].

BPD is caused by abnormal lung development during gestation or not fully developing after
being born prematurely, which results in ineffective gas exchange and leads to the need for respira-
tory support [34]. The current definitions of BPD based on the need for supplemental oxygen at 36
weeks post-menstrual age (PMA) divides BPD into low-flow nasal cannula (Grade 1), noninvasive
positive pressure (Grade 2), and invasive positive pressure (Grade 3) [66].

BPD can lead to many cardio-respiratory and cognitive problems such as increased susceptibil-
ity to pulmonary infections, pulmonary hypertension, pulmonary vein stenosis, impaired executive
functioning, delays in language development, and an increased risk of growth failure [67]. Cur-
rently, babies with BPD have been treated with bronchodilators, which cause the opening of the
bronchi [66]. The treatment strategies have focused on reducing exposure to ventilation using an
endotracheal tube, to avoid or minimize long-term lung damage in preterm infants [68].

EIT has the potential to monitor babies with BPD due to its capacity to show heterogeneity
in ventilation and pulsatile perfusion images. There are no current studies using EIT to evaluate
BPD effects in the respiratory system using ventilation and perfusion images to assess the patient’s

response to bronchodilators.
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2.4 Pulmonary Vein Stenosis (PVS)

Pulmonary Vein Stenosis (PVS) is a complex and rare condition that can be seen in infants
and children with congenital heart disease and also acquired in those patients after repair of Total
Anomalous Pulmonary Venous Return (TAPVR) [69]. Moreover, despite being a rare disease, PVS
is an increasing complication related to BPD due to premature birth, accounting for about 40% of
all infants and children with PVS [70].

Because few centers have extensive experience in treating PVS, the characterization and un-
derstanding of the disease are still being established, with estimates of mortality ranging from 30%
to 80% [69]. In PVS, pulmonary hypertension is more common, and patients may have diffuse or
more localized evidence of pulmonary edema, based on the number of pulmonary veins involved.
In addition, hemoptysis, coughing up blood, may occur more often in older patients [35].

Catheterization and echocardiography are the most common exams used to diagnose and mon-
itor PVS patients [69, 71]. Catheterization provides anatomic detail and important hemodynamic
information, but it is often used in patients with a high probability of requiring an intervention
since it is an invasive exam and uses radiation [71] while echocardiography is radiation-free, non-
invasive, and has a high diagnostic accuracy for detection of PVS and allows also the assessment
of hemodynamics [72]. However, echocardiography fails to provide information about the lung
conditions.

Computed tomography angiography (CTA) and magnetic resonance angiography (MR angiog-
raphy) are also used to provide important hemodynamic data and anatomical information about
pulmonary veins [71]. The downside of CT is the radiation exposure, which makes it infeasible for
frequent monitoring and evaluation. Although MR angiography is non-ionizing, it has lower spa-
tial resolution compared to CTA, it cannot be performed in patients with implanted non-compatible
metal devices, and it requires a longer scanning time [72].

EIT has never been used to monitor and evaluate patients with PVS. Since it is a non-invasive,

and non-ionizing image technique, EIT could provide spatial information about lung perfusion.
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Moreover, EIT can be performed pre- and post- cardiac catheterization intervention to assess lung

perfusion changes due to the intervention.
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Chapter 3
Methods

3.1 Governing Equation
The governing equation of EIT is derived from Maxwell’s equations. The magnetic field,
H(p,w) and electric field, F(p, w), at an angular frequency, w, at a point p within a domain B can

be written as

V x H=(0+iwe)E, (3.1)
V x E = —iwuH, (3.2)

where o(p, w) is the electrical conductivity, (p, w) is the electrical permittivity, and 1(, w) is the
magnetic permeability.

Since p is small in the human body, one can take the approximation (1 = 0) so that the electric
field is described as V' x E = 0. Moreover, the electric field can be expressed as the gradient of
the electrical potential, u, given by

E = —Vu. (3.3)

Using the property that the divergence of a curl is zero, and the magnetic field in eq. 3.1, we
have that V - ((0 + iwe)E) = 0. Thus, plugging in eq. 3.3 leads to the generalized Laplace
equation

V- ((o0 + iwe)Vu) = 0, (3.4)

which governs both the forward and inverse problems in EIT. In addition, since currents are applied

to the body surface .S, a Neumann boundary condition holds

L Ou(p L .
a(p,w)% = j(piw), forponsS (3.5)
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where v denotes the outward unit normal to the body, and j is the current density. Since the amount
of current entering and leaving the body must be the same due to the conservation of charge, we

have

/ jdS = 0. (3.6)
S

The applied currents on the body surface generate voltages, V', which corresponds to the Dirich-

let boundary condition given by
u(pw) = V(p,w), forponsS (3.7)

since equations 3.5 - 3.7 consider a continuous current density and voltage distribution, which is
known as the EIT continuous model [21]. For convention and easy understanding in the following
sections, the measured voltages from EIT systems are denoted V' and the predicted voltages from

solving the Laplace equation in 3.4 are called U.

3.1.1 Electrode Models

Gap Model: The Gap Model is a more realistic electrode model for EIT, which considers that
the current can only be applied to the discrete electrodes and assumes that the voltages can only be
measured at the center of these electrodes. Thus, equations 3.5 - 3.7 are modified to account for
the gaps between the electrodes, and assumes that the current density is constant over the surface

of each electrode, which leads to the following Neumann boundary condition

Ou(F, w) j—ll forpee, 1=1,2,..,L

o(pyw)——"—= = I (3.8)
0 forp¢ e
i=1

where L denotes the total number of electrodes on the surface S, e; the [th electrode, I; the applied

current to the [th electrode, and A, the area of the /th electrode. Also, the sum of the current applied
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to each electrode must be zero due to the conservation of charge

Z[l = 0, (3.9)

and the measured voltages at the center of each electrode are expressed as
u(center of ¢)) = V. (3.10)

while sum of the voltages from each electrode

L
Zvl = 0, (3.11)
1

must be zero for uniqueness of a solution to the forward problem.
If the impedance of the body B is known, the solution of the Laplace equation 3.4 for the gap

model predicts voltages at the center of each electrode given by
Ul(center of ¢;) = Uj. (3.12)

where U is the solution of the Laplace equation for a known body impedance.
Ave-Gap Model: The Ave-Gap Model is an improvement over the Gap Model since instead of

considering the voltages to be predicted only at the center of each electrode (eq. 3.12), this model

accounts for the area of the electrode, predicting the resulting average voltages, U, ?*", at each
electrode to be expressed as
ave—gap 1
U =71 U(x,y)dzdy, (3.13)
1 Je,

replacing the voltages in eq. 3.12.
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3.2 Mesh

We can only have a finite number of electrodes L attached to the body, which leads to at most
K = L —1number of linearly independent current patterns that can be applied due to Kirchhoff’s
law, resulting in at most A X L number of measured voltages. Therefore, the conductivity is

reconstructed using a piecewise constant on each element of a mesh expressed as [21]

N
o) = > ouxalP), (3.14)
n=1

where N is the total number of mesh elements, and x,, () is the characteristic function that is 1 for
p inside the nth mesh, or zero otherwise.

Since the relationship between applied current patterns I and measured voltages V is linear,
this leads to at most L(L — 1)/2 independent equations because there are only L — 1 independent
current patterns that can be applied when using trigonometric current patterns [73]. Therefore, the
recommended number of mesh elements (/V) to be used is [73]

v oo L=

< 5 (3.15)

Figure 3.1 shows the Joshua tree mesh that is used in both NOSER and ToDLeR reconstruction
algorithms. All elements in this mesh have the same area, and the positions of the elements are
represented in polar coordinates instead of Cartesian coordinates. The elements are in polar coor-
dinates because there are analytical solutions for both 2D and 3D forward problems of the Laplace
equation using the separation of variables and Fourier expansions on the circle or on a cylinder,

which are used in NOSER and ToDLeR.
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Figure 3.1: 496 elements Joshua tree mesh.

3.3 Geometry and Trigonometric Current Patterns

Both NOSER and ToDLeR reconstruction algorithms use the circular geometry approximations
to solve the Generalized Laplace equation shown in eq. 3.4. Figure 3.2 shows a 2D circular
phantom with electrodes evenly spaced around the surface with 6, the angle to the center of each
electrode from a reference angle 6 = 0, r the circle’s radius, 6. the angular span of each electrode,
e, the electrode width, and e, the electrode height in three dimensions. Current patterns [* =
[IF 1%, ..., IF], withk = 1,2, ..., K are applied to each electrode, ¢;, while measuring the respective
resulting voltages V* = [V} VF ... V/¥]. The quantity I} is the current amplitude and V}* is the
measured voltage for the kth pattern applied to the [th electrode, where K = L — 1 is the total

number of applied current patterns.

Figure 3.2: Top and side view of 2D phantom.
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Trigonometric current patterns (/[ ) give the best distinguishability for a circular inclusion in

the center of a circular tank [74], which can be expressed as

M cos(k0,) k=1,...,L/2
I = (3.16)

Msin((k—L/2)6,) k=LJ/2,...,L—1

where 0, = ZT“ for the 2D phantom, and the angular span of each electrode is defined as

6, =% [rad] 3.17)
To

Although these conditions are not true in the human body, the trigonometric current patterns
may still give rise to measured voltages with a higher signal-to-noise ratio than those generated by
pair-drive current patterns.

Figure 3.3 shows a 3D cylindrical phantom with two rows of electrodes used as a model for 3D
EIT reconstructions. The rows of electrodes are separated by a vertical gap, Vap, with e, being
the electrode width and e, the electrode height. In addition, / is the height of the cylinder, and Z;

is the distance from the bottom of the cylinder to the center of the /th row of electrodes.

Figure 3.3: Top and side view of 3D cylindrical phantom.
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For the 3D cylindrical phantom problem, the trigonometric current patterns also depend on the
z component axis and the number of rows of electrodes. Thus, the optimal current patterns to be
used on two of electrodes on a 3D cylinder tank are a combination of trigonometric functions in ¢

and z axes [29, 8] defined as

(Mcos(kel) k=1,.,L/4
M(=1)%%cos((k — L/4)6)) k=L/4+1,..,L/2
If = { M(-1)%+ k= L/2+1 (3.18)
Msin((k — L/2 + 1)8) k= L/2+2, ...30/4
M(—1)%+ sin((k — 3L/4A+1)6) k = 3L/A+1,...L—1

where

.
1 ifl=1,...,L/2

Zo =
2 ifl=L/2+1,....,L—1
;
4 ifl=1,...,L/2

0, =
An(1=LJ2)  ip7
T ifl="L/2+1,...,L—1

(3.19)

for the 3D phantom. Moreover, the gap boundary condition shown in eq. 3.8 is modified so that at

the bottom or top of the cylinder the current is zero

ou([r, 0, z],w)
0z

ou([r, 0, z],w)

o([r,0,0],w) P

=o([r,0,h],w) =0
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I for[r,0,2]€e, 1=1,2,.., L
g([r7g’z]7w)w _ A .
0 for[r,0,z]¢ e
=1

(3.20)

3.4 NOSER Algorithm

The NOSER algorithm uses the same idea as the Newton-Raphson Method by guessing an
initial constant distribution of conductivity . However, in the NOSER solution, the resistivity, p,

is used instead of &, where p'is its reciprocal resistivity for each element, p,,, given by

N
= > puxn(D)- (3.21)
n=1

The NOSER algorithm seeks to minimize the sum of the squares of the differences between

the measured and predicted voltages generated from known applied current patterns

h

-1 -1 L
B(p) = Y ||V - Uk)|], = (V= UF(p0))? (3.22)

1 1 =1

~

>
Il
~
I

where E(p) is the error function, U () is the predicted voltage for the kth pattern applied to the
Ith electrode with pg as the initial guess. Thus, the minimization of E(p) is the same as when
finding the zero points of the derivative Don (ﬁ) = 0, which is a necessary condition that leads to
OF L-1 L
Fn(ﬁ) = -2 Z 0

8pn k=1 I=1

8 Uz (po)
0pn

. (3.23)

To find F,,(p) = 0, NOSER uses the one-step iteration of the Newton Raphson Method expressed

as

PINOSER = Poid — I (0) Fn (o) (3.24)
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where pnosger 1S the reconstructed resistivity, and J;l (po) is the regularized Jacobian matrix. The
following steps show how to implement the NOSER algorithm [21].

Step 1: Compute UF(py)

For a constant jy, UJ(f) is the analytical solution of the Laplace equation using the Ave-gap

boundary conditions, which predicts voltages on the electrodes to be as [75]

. 2rie > 1 — cos(nb,) &
Uf(po) = %lpo > n3( ) > I cos(n(6, — 60,.))] (3.25)
n=1 I*=1

where I is the kth 2D trigonometric current pattern applied to the [th electrode, and n is the
number of harmonics.

Step 2: How to pick pyig

Choose pyiq = c1 where T = (1,...,1), and c is the best constant resistivity that minimizes eq.

3.22 when g, = 1 which is
L—1 L 7
o1 2 VPO

c i~ = (3.26)
1 2o (UF (1)
Step 3: Compute atg’;(:*o)
The derivative % can be computed by expanding it in the trigonometric basis using the

inner products and the trigonometric current patterns I

]_fs 6Ulk(P6)
k(= » Opn
U (po)

= . 3.27
o, - (3.27)
I, IS>
where s = 1, ..., L — 1. The inner products in the denominator are normalization factors given by
Lo L2 s=1,2,...,(L/2)—1,(L/2)+1,...,L—1
IS,IS> = (3.28)

L s=1L/2
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and the numerator can be approximated as

k(i =
}/;nk — IS’ a(]l—<’00)> ~ %/ vukvus (3.29)
’ ap'fl Pn My,

where M, is the nth mesh element, and « is the analytic forward solution of the Laplace equation

considering the continuous electrode model and trigonometric current patterns given by

cos(k0) r r \k _
M| e k=1,...,L/2
uh(r,0) = 1o S (3.30)
! sin((k—L/2)6) / r \k—
RO (L)L =L/241,...,L—1
Thus, solving eq. 3.29 results in the following equations [76]
Casel: k< L/2,s<L/2
s— rff‘ifrffs sin((k—s)0,41)—sin((k—s)0,,
§ Mo, (%)H 2 - (( )+k)_s (( ))7 kE+s
Vo= (3 ) . (3.31)
(%)kJrsz%(gn_H — Qn% k=gs
Case2: k< L/2,s>L/2+1
k+st k+sfé
s—L_or, 2 r, 2 cos((k—s—L)0,)—cos((k—s—L£)0,11)
T [ e e
sk Alpn
0, s—k=1L/2
(3.32)
Case3: k> L/2+1,s<L/2
rk+37%—rk+57% cos((k—s—L£)0,)—cos((k—s—£)0, 11
. ( M )2 (%)kJrsf%fQ nt1 k+8_n% (« 5) 7;)_5_%(( 5 )0n+ )’ k—s 7é L/2
s,k T Alpn
0, k—s=1L/2
(3.33)
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Case4: k> L/2+1,s>L/2+1

k+s—L k+s—L
—ry

l k4+s—L—2"n+1 Sin((k—8)9n+1)—sin((k—s)en)
Yr — ( M )2 (TO) k+s—L k—s , k#s (3.34)
syk Aipn L \kbs—L—2Tmps Doratet '
(50) 2 (On11 — ), k=s

where r,, is the radius from nth element in the mesh and 6,, the angle from nth element in the mesh.
Step 4: Compute F, (po) using eq. 3.23.
Step 5: Compute the A matrix with entries A, ,,

The entries A,, ,, are defined as

L-1 L
OUF (po) OUF (pa
Ay =237 3 2 0) 00 (00) (3.35)
’ O Opm
k=1 1=1
Step 6: Compute the Jacobian matrix Jr(po)
The Jacobian matrix Jp(pg) is computed by regularizing the A,, ,, matrix
JF(p_é)m,n = An,m + aAn,m(Sm,n (336)

where 9,,,, is a delta function, which equals one if n = m, and zero otherwise, and « is the
regularization parameter.

Step 7: Compute pnosgr using eq. 3.24, and then the resulting conductivity reconstruction by

ONOSER = (3.37)

PNOSER

3.5 ToDLeR Algorithm

The ToDLeR algorithm also solves the EIT inverse problem considering that the or,prer(P)

conductivity distribution is a small perturbation, 7(p), from a constant conductivity, o, given by

oronLer(P) = 00 + n(pP), 77((7@ <« 1. (3.38)
0
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Considering a constant uniform conductivity distribution in the Laplace equation allows the

linearization of the problem to be expressed as [77]

L
[ oV PV = S0 - U ). (339
B

=1

where uf!(p) is the solution of the Laplace equation at the point 7’ when the k1th pattern is applied,
V;¥? is the measured voltages of k2th pattern applied to the Ith electrode, U (dy) is the predicted
voltage of k1th pattern applied to the /th electrode with oy as initial guess. Thus, after discretizing

the above equation in terms of volume, it can be written as

N L
> A, = SV - U (). (3.40)
n=1 =1

where n is the nth element, N is the total number of elements, 7, is the perturbation in the nth

element, and

i1 0it1 Zi41
ARLR2 / / / Vul'Vub?rdrdfdz. (3.41)
T 0; Z;

Thus, eq. 3.40 can be written in a vector-matrix form as
An=d (3.42)

where

d=>) IV —IF'UM (60)) (3.43)

L
=1

l

is the data term, A is the Jacobian of the forward model with respect to a small perturbation in
conductivity, and 7 is the perturbation vector with size equals to the number of mesh elements N.

Therefore, solving eq. 3.42 for 1, we have that

n=Jpd (3.44)
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where Jr is the regularized Jacobian matrix. Thus, using the best constant conductivity 0,4 in eq.

3.38, the reconstructed ToDLeR conductivity is given by

OToDLeR = Oold + 1.

The following steps show how to implement the ToDLeR algorithm [77].

Step 1: Compute UF(5,)

(3.45)

Ul (po) is the analytical solution of the Laplace equation using the Gap boundary conditions,

which predicts voltages on the electrodes to be as [77]

US () = Z o lal cos(npby) + b sin(ngd;)]+

np=1

= = Mpemr Mpemr
Z Z Bnp(%) cos( F 0)[cﬁF7mF cos(npl;) + deF mp SIN(nE0)]
mp=1nprp=0

h
where
sin nFG L
k i IF 0
a, . = T ;. cos(ngb)),
AZO'OWTLFZhT
L
) 2h0, sin (L) mFWZl
CO,mp Alaoﬂ'ngQB mpm"o E : )7
f 8h sin(™5 nbe ) sin (75 )
Cnpsmr = Aon7T3mF2nFB mFWO le )COS(nFHZ)’
sm(nFGE)
bﬁF: 2en Py E [z sin(ng0)),
Ajoomnp hro
k _
dO me 07
. 8h sin( ”F29€ ) sin (LR ) '
an mp mp7r'r0 § :Il COS )SID(TLFQl),

A1007T3mp277,FB‘
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and B, () is the first derivative of the modified Bessel function

e 1 T

— Z\2mp+np
Bur@) =D i (3) (3.53)

mrg

with nr and m g being the number of harmonics in the Fourier Series.
Step 2: How to pick 0,4
Choose 7,14 = c1 where T = (1,...,1), and c is the best constant conductivity given by

i o (UF(T)?

= - (3.54)
1 o VRUR(D)

CcC =

Step 3: How to compute AFL*2

The integrals in eq. 3.40 can be solved as [77]

NF NF
AR = NN [FRy F 20 (FO + FOy) |+

np=1 np=1'
Nrp Np Np

> > Y [FRinFZi3FO1; + FRinF Z15(FO12 + FO)+

np=1 mp=1np=0
Nr Nr Npg

Z Z Z [FRi31F Z13FO13 + FR132F Z13(FO13 + FOa3)|+

n‘lempzlnFZO
Nr Nr Nrp N

> Y > Y [FRUuFZuFOy + FRuuFZ13FOy + FRsFZ3sFO14]  (3.55)

mp=1nFr=0m, . =1n,=0

where the definition of the parameters can be found in Appendix A.
Step 4: Compute d using eq. 3.43
Step 5: Compute the Jr matrix

The Jacobian matrix Jx is computed by regularizing the A matrix
Jr = [ATA+ o AT AS + aymax (AT A5t AT (3.56)

where 0 is a delta function, and o, «s are the regularization parameters.
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Step 6: Compute 1 using eq. 3.44

Step 7: Compute or,prer using eq. 3.45

3.5.1 2D ToDLeR Solution

The NOSER algorithm does not take into account the out-of-plane currents that are projected
onto the plane of electrodes since NOSER solves the 2D EIT inverse problem. The ToDLeR
algorithm solves the inverse problem using a cylinder model, which accounts for the height of the
body h.

To compare the effects of out-of-plane currents on the EIT reconstructions when using NOSER,
ToDLeR was solved considering only a single row of electrodes. The steps to solve the 2D ToDLeR
algorithm are the same as the one presented in this section, with the only difference being that

Z = % 0, = 27l/ L, and the 2D trigonometric patterns are applied.

3.6 Regularization

Due to the ill-conditioning of the EIT inverse problem, the EIT reconstructions are influenced
by the size, number, and position of the mesh elements [21]. An ill-posed problem is a problem
whose solution is not unique or does not depend continuously on the data. Thus, when solving a

linearized EIT inverse problem, which can be approximated as [27]
Af +e=m (3.57)

where A is the coefficient matrix resulted from the forward problem, f is the quantity of interest,
¢ is the noise, and m is the measurement data term, the coefficient matrix A is very ill-conditioned

or singular. Therefore, regularization techniques are used to better condition the A matrix.
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3.6.1 NOSER type Regularization

The NOSER type regularization is a simple diagonal weighting for the A matrix given by [21]
Jp=A+ aAd (3.58)

where Jr is the regularized coefficient A matrix, « is the constant regularization parameter, and
0 is the Kronecker delta function. Small values of « lead to better contrast and definition but can
make the reconstructed images noisier if it is too small. Conversely, large values of o cause more

smoothing and blurring effects [8].

3.6.2 Tikhonov Regularization

Tikhonov Regularization uses a constant positive diagonal matrix that adds positive elements
to the diagonal of the A matrix, penalizing large perturbations and making it better conditioned,

but large values of o decrease the contrast in the reconstructed images [8]

Jrp=A+ad (3.59)

3.6.3 Mixed Regularization

NOSER type and Tikhonov regularizations cause different effects on the reconstructed images.
By combining these two methods, we can get better target definition and contrast in 3D recon-

structed images [8]. Therefore, the mixed regularized matrix can be expressed as

JF =A + 051145 + a25 (360)

3.7 Conformal Map for Display

NOSER and ToDLeR are reconstruction algorithms that use circular and cylindrical domains

to solve both the forward and inverse problem. One of the main advantages over other iterative re-
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construction algorithms that require successive solutions of the forward problem using a numerical
solver such as the FEM is the fast computation of the Jacobian matrix.

Despite being a good approximation, the human chest shape is not circular or cylindrical, which
brings the need for a chest shaped reconstruction display for NOSER and ToDLeR. This can be
obtained by using the conformal mapping technique, which is a function on the complex plane that
maps a given curve to another plane preserving each angle of that curve.

Since the human chest shape can vary by age, gender, muscular structure, and other factors,
there is no defined equation that maps a circle to a chest shaped domain. Thus, the approach we use
to conformally map a circle to a chest shaped domain is that any point on a circle can be mapped to
a chest shape domain by multiplying the radius, 7¢"“!¢, by a factor, T'(6)), where 6 is the angle of a
point on the circle curve and chest shape curve, and 7 is the factor that multiplies the radius of the

circle as shown in Figure 3.4(a). Therefore, after discretizing the circle, the conformally mapped

chest

radius, 77

, can be expressed as

TCheSt(Hn) — T(en)rcircleeian (3.61)

n n

where 7 is the nth element in the mesh. In a real application, we obtain an approximation to both

chest

rehest(g,,) by using CT images or 3D scans, and 7¢“!c#" from the measured chest circumference.

To find T'(6,,), we first need to center the circle and the arbitrary chest shape at (0, :0), and then
compute 7'(6,,) = rchest(6,,) /rereleci starting at the outermost mesh radius from the Joshua tree
mesh. After finding 7°(6,,), the inner Joshua tree mesh radii can be used to calculate the inner
conformal map chest shape radii using 7'(6,,) as illustrated by the red and blue dashed lines in
Figure 3.4(b). In addition, since we are only using the conformal map for display and not for

solving the forward and inverse problems, we do not need to make sure that the conformally

mapped circumference matches the length of the measured chest shape circumference.
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Figure 3.4: Conformal Map schematic. (a) Determining 7'(,,), and (b) computing the inner r¢*¢st(4,,).

n

3.7.1 Matrix Display

To display the reconstructed conductivity at each mesh element, the Joshua tree mesh, which
is in the polar coordinate system, has to be mapped onto the Cartesian coordinate system. This
can be done by creating a matrix, m, with size M x M where each element index of the matrix is
represented as (z,iy) complex coordinate. Thus, since the elements, e, in the Joshua tree mesh
are expressed as €,(ry,, 715 On, Ony1), by looping through all the matrix m element indices, we
can have that

m(:m y) =n, if (7;7 Zy) € en(rna Tn+1; ena 9n+1) (362)

where n = 1, ..., N is the nth element, N is the total number of mesh elements.

Figure 3.5 illustrates a Joshua tree element represented in the Cartesian coordinate system.
We can see that the mapping depends on the size of the matrix m, where the more elements it
has the better the resolution when mapping the Joshua tree element in the Cartesian coordinate
system. Moreover, to make sure there are no empty spaces in the matrix m, a tolerance is added
when checking if (z,iy) € e, (7, Tni1;0n, 1) so that it fills the empty spaces with neighboring
elements. The same approach is also used when mapping the conformal chest shape into the

Cartesian coordinate system.
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Figure 3.5: Joshua tree element mapped in the Cartesian coordinate system.

3.8 GENESIS EIT System

The GENESIS prototype EIT system from GE Research is a 32-channel simultaneous multiple
current source EIT system that collects data and displays real-time images at 18 frames/sec [18].
This system can apply trigonometric current patterns and measure complex voltages using National
Instruments devices with SNR>100dB and current amplitude up to 0.120 mA peak-to-peak at
10 kHz excitation frequency [18].

An engineering GUI displays the 3D EIT reconstructions on a circular shape using the ToDLeR
algorithm in real-time as well as heart and lung conductivity traces. It also allows the operator to
include annotations during the data collection. Since the GENESIS system is a prototype, the
main disadvantage is that it can collect data while some electrodes are not attached to the subject’s
body without halting data collection. This can lead to poor data quality since no message is shown
regarding the electrode connections during the data collections, and it also requires the operators

to have skills to identify poor electrode connections by looking at the reconstructed images.
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Figure 3.6: GENESIS EIT System.

3.9 Adaptive Current Tomograph 5 (ACTS) System

The ACTS System was developed in collaboration with the team at University at Albany. Fig-
ure 3.7 shows the ACT5 System hardware including the laptop that runs the clinical user interface.
It is a portable device fitted in a box of size 54 cm x 32cm X 23 cm and weighs approximately
22.5kg. The system interfaces with an external laptop through a USB connection, making it a

standalone portable unit [14].

Figure 3.7: ACT5 System.

33



The ACTS5 system can apply any complex current pattern with both the amplitude and phase of
each current source being individually controllable [14]. This provides the ability to apply either
2D or 3D trigonometric current patterns as well as optimal current patterns for a given target,
making the ACTS system more flexible to be used in different applications.

The main application of the ACTS system is to monitor the respiratory system by providing
real-time ventilation and pulsatile perfusion EIT reconstructions in both 2D and 3D electrode con-
figurations using up to 32 electrode leads using a Clinical User Interface. Moreover, the ACTS
System simultaneously measures electrocardiogram (ECG) and EIT signals on all electrode leads
in real-time, and has control features that halt data collection when electrodes are not attached to
the body. Table 3.1 summarizes the specifications of the ACTS System and the Dell Precision 7750

laptop.

Table 3.1: ACT5 System Specifications [14].

Property Values

Default Number of Active Electrodes 16 or 32
Max. Current (each Electrode) 1 mA peak-to-peak

Max. Voltage

Voltage Measurement

SNR

Frequency Range

Frame Rate (32 Electrodes)
Frame Rate (16 Electrodes)
Cable Length

ECG

ECG Sampling Rate
Processor

Operating System

Video card

Memory

Hard Drive

1V peak-to-peak

Complex

>100dB

5 kHz to 500 kHz

27 frames /sec

54 frames /sec

Adjustable (Default: 2 m)
Measured on all Electrodes

864 Hz

Intel 8-core processor 19-10885H
Windows 10, 64-bit

NVIDIA Quadro RTX 4000 - 8GB GDDR6
32GB, 2x16GB

512GB
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3.9.1 Simultaneous ECG and EIT measurement

The ACTS System can measure EIT and ECG signals simultaneously on all electrodes, how-
ever, the separation of both signals is not an easy task. The large amplitude in the EIT signal which
allows a maximum swing of 1V for the measured EIT voltage is about three orders of magni-
tude higher than a usual measured ECG signal that ranges in mV [78]. Moreover, although there
is a large frequency difference between the EIT (5 kHz to 500 kHz) and ECG signals (0.5 Hz to
150 Hz), the 1.2 MHz clock used in ACTS would require the use of high precision coefficients
for a digital low pass filter in a fixed-point format, and down-sampling would not work since the
aliasing of EIT signals into the ECG bandwidth would be more likely to happen [78].

Figure 3.8 shows the block diagram for the separation of the EIT and ECG signals. The
integrate-and-dump filter completely removes frequency components at the EIT excitation fre-
quency and its harmonics because EIT excitation frequencies are selected such that an integral
number of cycles will occur over 1024 samples at the 1.2 MSample/s sampling frequency [78].
However, since the ACTS System uses DC-blocking capacitors between the electronics and the
electrodes to suppress the DC signal and ensure that it will not be applied to the subject, at the
end of the EIT excitation burst, these capacitors may have some residual charge, which can create
frequency components at the EIT frame rate (27 frames/sec or 54 frames/sec), and its harmonics.
Thus, some interfering frequencies related to the EIT frame rate still remain after the integrate-and-
dump filter stage, and because some of these frequencies are below 150 Hz, the ECG bandwidth
is corrupted by the interfering frequencies. In addition, the integrate-and-dump filters fail to block
any power line interference noise [78].

Digital notch filters could be used to suppress the interfering frequencies and their harmonics
since the EIT frame rate and the power line frequency are known and fixed. However, the standard
finite and infinite impulse response filters cannot remove the harmonics without attenuating fre-
quencies from the ECG signal because of limited quality factors, making them unfeasible. A better
approach is to use an adaptive filter to subtract components at the frame rate and its harmonics as

well as the USA power line frequency of 60 Hz and its harmonics, up to 150 Hz. This approach will
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Figure 3.8: A block diagram of the simultaneous EIT/ECG system.

16-bit ADC

remove only the interfering frequency components, effectively implementing a set of very narrow
bandwidth notch filters.

The implementation of the adaptive filter uses the least mean square (LMS) algorithm to mini-
mize the residual signal at the interfering sinusoidal frequencies [79]. Figure 3.9 shows the block
diagram of an LMS adaptive filter that can be used to remove a sinusoidal interference. The refer-
ence signals u;[n — 4] and uy[n — ¢] are multiplied by the adaptive tap weights W' [n] and W?|n]

to produce y[n]
yln) =Y Wl nJus[n — i) + WnJuan = i], i=0,...,M—1, (3.63)
where

ui[n] = A cos (2m fyunTs + ¢)
ug[n] = A.sin (27 fynT, + &),

(3.64)

M 1is the order of the LMS filter, f; is the frequency of the sinusoidal interference, 7 is the
ECG sampling interval, ¢ is the the phase, and n is the time increment. y[n] is subtracted from
the primary signal 2[n] which, in this case, is the ECG signal with the interference sinusoidal

frequencies [79].
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Figure 3.9: Adaptive LMS Filter diagram.

The Adaptive LMS filter implementation shown in 3.9 differs from the classical implementa-
tion in [79] and [80] by adding the u, and WW? terms which include the sine function as a reference
signal. Since the classical implementation only considers a cosine function as the reference signal,
it will cause undesired time-varying effects to create distortions around f; for low-order LMS fil-
ters due to the phase ¢ in the reference signal [80]. Thus, by adding a sine function as a reference
signal the time-varying effects are removed, which allows the implementation of a low-order LMS
filter [81].

The adaptive filter tap weights (W [n + 1]) are adapted using [81]

W+ 1] = W] + pelm]us [ — i),
W2l + 1] = W2{n] + pelnfusln — i),

(3.65)

where p is the step-size parameter and e[n| = x[n] — y[n| is the error signal which is also equals
to the filter output v[n|. Since the adaptive LMS filter approach shown in Fig. 3.9 removes a single
interfering frequency, to suppress all harmonic interfering frequencies (f), adaptive LMS filters
were implemented for each fj and then cascaded where the primary signal for each subsequent
filter is the filter output v[n] from the previous stage and the reference signals u;[n] and us[n] are

the sine and cosine of the next frequency to be suppressed.
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Following the medical standards for the ECG bandwidth, a low-pass Butterworth filter using
the £i1tfilt function from MATLAB [82], with a cutoff frequency of 150 Hz, was used as a
final stage of filtering for the received ECG signal for offline post-processing. During real-time
data collection, the low-pass Butterworth filter is implemented using the general infinite impulse

response difference equation

NE

bjz[n — j] (3.66)

Z aiy[n —i] =

Jj=0

where, N + M + 1 is the total amount of coefficients, y[n| is the filter output, z[n] is the filter input,
and a;, b; are the filter coefficients. Moreover, the butter function from MATLAB was used to
find the filter coefficients a; and b;.

The low-pass Butterworth filter suppresses the remaining harmonic interfering frequencies ( f;)
above 150 Hz as well as high-frequency noise. Moreover, the lower cutoff frequency is set to

0.159 Hz by the AC coupling prior to the ADC in ACTS5 [83, 14].

3.9.2 Clinical User Interface

The Clinical User Interface that runs on the ACTS system was developed in the Electrical
Impedance Tomography Laboratory at Colorado State University using the MATLAB app de-
signer for Graphical User Interface (GUI) development in standalone applications. The clinical
interface was designed to be user-friendly so that operators can easily use the ACT5 System for
data collection without the need to run the MATLAB software. This can be done by running a

desktop executable created through the MATLAB Standalone toolbox. Figure 3.10 illustrates the

AC;S

Figure 3.10: ACTS logo.

executable with the designed ACTS5 logo.
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The Clinical User Interface controls both the hardware and the EIT reconstructions display in
real-time, including the ECG measurements and its display. Figure 3.11 shows the Login Window
where the operator inputs information about the data collection which is used to run the recon-
struction algorithms with proper parameters and also keep track for later offline processing. The
Login Window provides the following field options:

Operator: Name of the person who is doing the data collection.

Location: Location where the data was collected.

Number of Electrodes per Row: The Number of Electrodes per row.

Size(mm): Electrode width and height in millimeters.

Electrode Type: Choose either a circular or rectangular shape.

Subject ID: A chosen number given to a subject.

File Name: Enter the file name. The data will be saved with the chosen file name plus the day
and time stamp. However, special characters cannot be used as file name to avoid data corruption.

Circumference (in): Subject’s chest circumference in inches.

Vertical Gap (cm): Center-to-center vertical gap in centimeter between the two rows of elec-
trodes when using a 3D configuration.

Horizontal Gap: Display to users the horizontal gap between electrodes in cm. This is used for
electrode spacing. If this number is negative, it means that the current amount of electrodes will
not fit the subject’s chest.

Shape: Chooses between chest shape or circular shape for the reconstruction display.

The Main Window of the ACTS interface is shown in Figure 3.12, and it displays the recon-
structions of the real and imaginary parts of the admittivity distribution, i.e. the conductivity and
susceptivity (we, where w is the angular frequency and ¢ is the electric permittivity), and a real-
time ECG signal obtained by taking the difference between ECG signals from a pair of electrodes.
This ECG signal is time-aligned with the reconstructed images [14]. The Main Window can be
further described by the following blocks:

Block I: Operator, location, date, and time are displayed on the interface.
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Figure 3.11: Clinical User Interface - Login window.

Block 2: Contains the electrode contact status and message box. If an electrode is loose, it
will be displayed in black color while the good contact is green color. The message box displays
messages about the ACTS system’s operation as well as errors that may occur during the data
collection.

Block 3: Controls the range of the reconstruction displays, adds annotations during the data
collection, and allows setting the reference frame for the real-time EIT reconstructions.

Block 4: Allows the adjustment in real-time of ~; and 7, regularization parameters, ECG Filter
w factor and, ECG y-axis control display and heart rate (HR) display. Also, it shows the Safety
status with a green color meaning that safety is on, and a red color when it is off. Although the
data is saved automatically after the data collection is done, the save button is another alternative
in case there are any issues with auto-saving.

Block 5: Shows the 2D or 3D EIT reconstructions of conductivity and susceptivity, and ECG
measurement. Allows the toggle to a screen that displays the DC voltages on electrodes when

the same small current is applied to all electrodes, which is useful for assessing real-time poor
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electrode contact, and to another screen that displays in real-time the real and imaginary parts of
Opest> Which can be used to identify ventilation and perfusion segments.

Block 6: Run, Stop, Options, and Reset buttons. The Run button will initiate the data collection
while the Stop button will halt data collection and automatically save the data. The Options button
gives access to Options Window, and the Reset button allows the resetting of the hardware when a
trip occurs. This is usually caused by bad electrode connections. Also, the Reset button turns red

for easy identification when the hardware needs to reset.

Block 1 Block 2 Block 6
* 128456783012 BKEENRENYNRUBBTBNRNYY N N
[ - &8 &8 . \
 Collin 18-Jun-2024 10:44:02 Logse Electrode M Collecting Data. " - ko -
ange (O Lock Range ) Manual Range DecpBreath V|| Add hm‘m\ T T T T T T L T AL S R | Safety O
" i e tooy | | SetReorence | [DaepBreath PR A B B St VI R M B R W s o os 52 < Block 4
1] Mo HR (bpm) 57 Seve
Conductivity Image, Sigma =173.9 mS/M Susceptance Image, Sigma =83 9 mS/M
min:-9.63 (mS/M) max. 9.88 min: -0 98 (ms/M) max: 2.75
4t DCv
nnnnnnn
Block 5

vvvvvvv

yyyyyyyy

Figure 3.12: Clinical User Interface - Main window.

Figure 3.13 shows the Options Window which allows the operator to choose the data collection
duration by selecting Continuous (1-hour) - default, 60 seconds, and Snapshot. The optimal mode
is still in development but it allows the ACTS5 system to apply optimal current patterns, and the
offline mode can be used to load any data collected with ACTS and choose the start, end, and
reference frames for offline reconstruction display using the Clinical User interface. Moreover, the
offline mode records and saves the time-sequence reconstruction videos.

The Options Window also has the MEAN Baby and Developer menu buttons. The MEAN baby

button runs a modified NOSER algorithm which uses a priori information to improve reconstruc-
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Figure 3.13: Clinical User Interface - Options window.

tions [84]. The developer menu button gives access to the Developer Menu Window which can
only be accessed by entering a password, allowing only authorized personnel to access and change
the ACTS System parameters.

The Developer Menu Window, shown in Figure 3.14, was created so that parameters of the
ACTS System can be changed without having to manually do it by rewriting code sections, and
therefore, only authorized personnel can access this menu. Having the ACTS parameters on the
Clinical User Interface also avoids issues such as turning the safety off for testing, and not turning
it back on, which is more likely to happen when modifying codes.

The Developer Menu Window allows the operator to change the operation frequency, cable
calibration, total number of frames per file, number of iterates during optimal patterns mode, the
applied current amplitude, rearrange the current patterns by spatial frequency, change the file name,
selected new current patterns, apply the identity matrix as current pattern and turn the safety off,

which are used for troubleshooting.
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Figure 3.14: Clinical User Interface - Developer Menu Window.

3.10 EIT Imaging on Patients

Human data collection at University of Colorado Anschutz Medical Campus and Children’s
Hospital Colorado was in accordance with the amended Declaration of Helsinki—Ethical Principles
for Medical Research Involving Human Subjects under the approval of the Colorado State Uni-
versity Institutional Review Board 2943, COMIRB 18-1843 and 21-3315 with written informed
consent. Moreover, This project was supported by Award Number 3R01EB026710-02S1 from
the National Institute Of Biomedical Imaging And Bioengineering for the ARDS study and NIH
ROIEBO026710 for the CF study.

The ARDS data collection was performed at University of Colorado Anschutz Medical Campus
in the intensice care unit using the GE GENESIS System for 3D ventilation EIT imaging while
the patients were mechanically ventilated. The data were collected pre- and during spontaneous
breathing test. In addition, the control groups for the ARDS study were imaged at Colorado State
University.

The BPD data collection was perfomed at Children’s Hospital Colorado using the ACT5 Sys-

tem for 2D ventilation and pulsatile perfusion EIT imaging in the Neonatal Intensive Care Unit
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(NICU). The preterm infants had EIT imaging follow-ups every 3-4 weeks up to 5 visits or their
discharge.

The CF and PVS data collection were also done at Children’s Hospital Colorado using the
ACTS System for 3D ventilation and pulsatile perfusion EIT imaging. The data collection on CF
patients were performed with EIT imaging follow-ups every 6 months. PVS patients are being
imaged in the cardiac catheterization lab (Cath Lab) under mechanical ventilation pre- and post-
catheterization. In addition, the control groups for the CF, BPD, and PVS studies were imaged at
Children’s Hospital Colorado.

EIT data for ventilation images were collected during tidal breathing while EIT data for pul-
satile perfusion images were collected during breath pauses or breath holding. This is necessary
since the lung ventilation changes cause the measured voltages to be more than 10 times higher
than the measured voltages due to pulmonary perfusion changes. Thus, a simple approach to sep-
arate the ventilation and pulsatile perfusion signals is to use breath pauses. The small changes in
voltage caused by pulmonary perfusion can only be measured by high-sensitive EIT systems with
a high SNR and high-precision voltmeter such as the ACT5 system.

During short breath pauses, which can be done for less than 10 s by breath-holding, the changes
in the measured voltages are only caused by the pulmonary perfusion. This allows an easy sepa-
ration of the ventilation and perfusion signals since there is no highly accurate separation methods

to extract the perfusion signals while during tidal breathing.

3.11 EIT Reconstructions and Data Collection

The first step during the EIT data collection is the electrode placement, which has to follow
a pre-determined configuration so that the EIT reconstruction images are displayed in the correct
orientation in the Clinical User Interface.

Figure 3.15 illustrates the electrode placement for 2D and 3D electrode configurations when
using the ACTS system. Electrode #1 is placed under the subject’s armpit in a counterclockwise

direction in 2D configuration while in the 3D configuration, the bottom row starts with electrode
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#1 and the top row starts with electrode #17. Both electrodes are placed under the subject’s
armpit following a counterclockwise direction. The ground electrode is always recommended to

be placed at the subject’s right trapezium.

-3 L

(b) 3D electrode configuration.

Figure 3.15: Electrode placements for data collection the ACTS5 system.

A wearable electrode applicator textile (WEAT) belt of electrodes of the correct size is applied
to the subject’s torso when collecting 3D EIT data with the GE GENESIS system as shown in
Figure 3.16. This belt was developed by the GE team to make electrode placement on mechanically
ventilated patients easier and faster.

Using the same standard display from CT scans, The EIT images are displayed in DICOM
orientation as shown in Figure 3.17, which means the right side of the subject’s body will be on
the left side of the display and the left side of the subject’s body will be on the right. In addition,
the 3D EIT image display also follows the DICOM orientation with the upper ring of electrodes as
the top row and the lower ring as the bottom row.

Due to the ill-conditioning of the EIT inverse problem, and the linearization used in both

NOSER and ToDLeR algorithms, absolute images are hard to obtain in human subjects. Therefore,
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Figure 3.16: The WEAT electrode belt placement.

difference images are used to display the functional changes over time in the lungs. These images

can be obtained by subtracting the reconstructed frame sequences from a single reconstructed ref-

Right
Lung

Figure 3.17: DICOM Orientation.

erence frame.

The reference frame can be found based on the type of reconstructions, either ventilation or
pulsatile perfusion images. For ventilation images, the reference frame is chosen to be the end of
expiration since the relative changes will occur due to inspiration. For pulsatile perfusion images,
the reference frame is chosen to be at the end of the ECG QRS complex leading to relative changes
due to systole. Using the same approach to find the reference frame when reconstructing the EIT

images for multiple subjects makes it easier to analyze and compare the reconstructions.
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3.12 EIT Derived-Measures

To compute EIT-derived measures, the EIT images were segmented to determine lung regions
separately for the ventilation and pulsatile perfusion images. For perfusion, a cardiac voxel in the
heart region was first selected manually from the image sequence. Since the pulmonary perfusion
conductivity voxels are out of phase with the cardiac conductivity voxels, perfused pulmonary
voxels were identified as those with low correlation with the chosen cardiac voxel.

For ventilation, the lung region was identified and segmented by a threshold method. Any
voxel with a minimum relative conductivity value that remains larger than 0.5(c s + 04,) Over the
entire data set was considered to be too conductive to be included as a lung voxel, where o,), and
Oum are the maximum and minimum values, respectively, of the conductivity over all voxels and
over the entire data collection period of interest. Any voxel with maximum relative conductivity
value over the entire data set exceeding 90% of o,,, was also considered to be too conductive to be
a lung voxel. Voxels that have peak-to-peak conductivity smaller than 30% of the highest peak-to-
peak voxel conductivity, which could represent voxels with small variations close to the electrodes
(such as in the upper axilla), were excluded from the computations. Finally, a lung conductivity
voxel was selected manually from the respiratory image sequence and pixels highly correlated in
the time domain with the chosen lung pixel were identified as being ventilated pixels. In addition,
voxels in the outer four rings of the Joshua tree mesh were excluded from the segmentation for

ventilation and pulsatile perfusion.

3.12.1 Global Inhomogeneity (GI) Index

The GI index is an EIT-derived measure that has been used to assess lung heterogeneity during
ventilation to quantify volume distribution within the lungs [4]. The GI index can be computed by
quantifying the difference between the conductivity of a voxel and the median conductivity value
over the segmented lung region, and it can be described as

Zx,yélungs | Aaw,y - median(AO_lungs) |

GI = 100 3.67
(%) Zm,yelungs ’ Aaw,y | - ( )
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where Ao, is a pixel in the lung region from the difference image between a frame at full in-
spiration and full expiration, Aoy, is all the pixels in the lung region from the difference image

between a frame at full inspiration and full expiration.

3.12.2 Regional Ventilation Delay (RVD)

Regional Ventilation Delay (RVD) is a measure of how long it takes for inspired air to spread
through the lungs during a breathing cycle. This is another EIT-derived measure that estimates
ventilation homogeneity during inspiration. For each voxel p in the segmented lung region, using
the start of inspiration from the global volume curve as the reference time point tmin¢, the RVD

for each voxel is defined as

t40% — tmmG

RV D(vozel) = -100%, (3.63)

tmazxrg — tming

where 409 1s the time that the voxel volume takes to reach 40% of its maximum amplitude, and
tmaxg is the time that the global volume takes to reach its maximum amplitude. Figure 3.18
illustrates the calculation of the RVD for a single voxel.

— Global Volume
— Voxel Volume |

Volume (mL)

5
Time (s}

Figure 3.18: Representation of the RVD computation for a single voxel.
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3.12.3 Estimation of air and blood volumes

EIT reconstructions can also be used to estimate the volumes of air and blood in the lungs
during tidal breathing or breath hold. These measures can provide regional information about
the volume of air delivered during mechanical ventilation and changes in blood volumes after a
cardiac procedure. For each frame, the inspired volume of air in each voxel was estimated from
the conductivity values in the EIT image using the method from [85] and [30].

Volume fractions are required when estimating the volumes of air and blood. For a given
voxel p in the segmented lung region, let o,(p, t) denote the conductivity in the pth voxel at time
t corresponding to a given frame from a difference reconstruction during tidal ventilation. The
volume fraction f,(p,t), of air in the pth voxel at time ¢, is related to the conductivity in the pth

voxel at time ¢ by
Oq (p7 t) — OaM

Oam — OaM

fa(p,t) = (3.69)

where o,,, and o0,,, are the maximum and minimum values, respectively, of the conductivity over
all voxels and over the entire data collection period of interest. The volume fraction of blood

fo(p, t) is computed following the same principles as the f,(p,t) and it is given by

Ub(pv t) — Obm
OvM — Obm

fo(p,t) = (3.70)

where ,(p, t) denotes the conductivity in the pth voxel at time ¢ corresponding to a given frame
from a difference reconstruction breath hold, 0,5, and 0,,, are the maximum and minimum values,
respectively, of the conductivity over all voxels and over the entire data collection period of interest.

By having the volume fractions f,(p,t) and f;,(p, t), the total estimate of volume of air V, and
blood V}, in the lungs can be denoted as volume fractions multiplied by each voxel volume V ol

which are given by

Va(pa t) = fa(p7 t) X VOlvo:cela V;)(pa t) = fb(p: t) X VOlvoxel (371)
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The volume of a voxel can be determined from the Joshua tree mesh in Fig. 3.1 and the height
of the electrodes (Fig. 3.2 and 3.3). Since the Joshua tree elements have the same area, the area
of all voxels are also the same. The height of the electrode is used to find an estimate of the voxel

height, and it is determined based on whether it is a 2D or 3D electrode configuration.

3.12.4 Rapid Shallow Breathing Index (RSBI)

The EIT-derived Rapid Shallow Breathing Index (RSBIg;r) can be estimated by using the
global volume estimation from the EIT ventilation images and the respiratory rate (R R), and it is
given by

RR
RSBIE[T - V

a

(3.72)

where V, is the tidal volume estimation from the EIT reconstructions. The RS BIgr can provide
information on how the patient responds to weaning maneuvers. The higher the RSBI value,
the more distress the patient is experiencing due to the weaning process. Thus, the RBSI is one
variable that can be used as an indicator of whether the patient can be removed from mechanical

ventilation.
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Chapter 4

Results and Discussion

4.1 Tank Reconstructions

Figures 4.1 and 4.2 shows the targets and tanks used for testing the 2D reconstruction algo-
rithms. The PVC targets shown in Figure 4.1a are 2.7cm x 4.6 cm (PVC1), and 3.2cm X 5.4 cm
(PVC2) while the copper targets are 2.4 cm x 4.0 cm (COPPERI), and 3.1 cm X 4.8 cm (COP-
PER2).

Both the 2D circular, Figure 4.1b, and chest-shaped, Figure 4.1c, tanks have 32 electrodes with
size 2.54 cm x 2.54 cm. The 2D circular tank has a 15 cm radius while the The 2D chest-shaped

tank has a 107 cm circumference.

as
5
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=
=
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52

COPPER 1 COPPER 2

(a) PVC and copper targets.

(b) 2D circular tank. (c) 2D chest-shaped tank.

Figure 4.1: (a) PVC and Copper targets used on 2D tanks. (b) 2D circular tank. (c) 2D chest-shaped tank.
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Figure 4.2a shows the targets used when doing the measurements on the 3D tank, Figure 4.2b.
Both the insulator and the stainless steel spherical targets have 1 cm radius. The height from the
bottom of the tank to the center of the lower row of electrodes is 7.7 cm, and the height from the
bottom of the tank to the center of the upper row of electrodes is 11 cm. The 3D tank has 64
electrodes, 2.54 cm X 2.54 cm each. The 3D tank was arranged in 2 X 32 rows by connecting a
jumper cable for each two electrodes, and for the reconstructions, the electrode size was considered
to be sum of both electrodes together as 5.08 cm x 2.54 cm. The vertical gap is Vgap = 3.1cm

from center-to-center of the electrodes.

(a) Targets. (b) 3D cylindrical tank.

Figure 4.2: (a) Insulator and Stainless steel targets used on the 3D tank. (b) 3D cylindrical tank.

4.1.1 2D Tank Reconstructions

Figures 4.3-4.8 show the NOSER and ToDLeR conductivity and susceptivity, (we, where w
is the angular frequency and ¢ is the electric permittivity), difference reconstructions on the 2D
circular tank using the ACT5 System, and the target configurations.

The applied current amplitude was 0.35 mA at 93.750 kHz, and the saline solution was 340 mS
measured by a conductivity meter with the saline height being the same as the electrode height,
2.54 cm. The reference frame was chosen to be the average of 1600 frames with no targets in the
tank. In addition, 1600 frames were also averaged for each target configuration.

Both the NOSER and ToDLeR 2D reconstructions have similar conductivity images and opes;

values. The oy.; for NOSER is 393.3mS and the o034 for ToDLeR is 383.5 mS when there is
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only saline solution in the tank. Both are slightly higher than the saline solution 340 mS due to the

32-electrode contact with the saline solution which is not accounted for in the forward problem.

(a) Target Placement.

Conductivity Image Susceptivity Image

Susceptivity Image

AP
W,

Conductivity Image

min: -30.5 (mS/M) max:-1.56 min:-0.18 (mS/M) max: 0.66 min: -49.44 (mS/M) max:0.79 min:-0.7 (mS/M) max: 0.47
(b) NOSER reconstructions. (¢) ToDLeR reconstructions.

Figure 4.3: Comparison of NOSER and ToDLeR reconstructions using the PVC1 pipe target. (a) PVC
Target placed in the tank. (b) NOSER Reconstruction. (b) ToDLeR reconstruction.

The Gap and AVG-Gap Models do not account for electrode contact impedance. This can only
be done by the Complete Model [86], which is not discussed in this dissertation. However, both
opest Values are close to the expected 340 mS, which shows that the forward solutions in eq. 3.25
and 3.46 are good approximations to the 2D circular tank problem.

The conductivity images show a lower conductivity, blue color, where the PVC targets are
placed and higher conductivity, red color, where the copper targets are placed, which means that the
PVC target is less conductive than the saline solution while the copper target is more conductive. In
terms of spatial resolution, there is no visual difference between the PVC1 and PVC2 conductivity
images (Figures 4.3 and 4.4), and the COPPER1 and COPPER?2 conductivity images (Figures 4.5

and 4.6), despite the conductivity PVC2 and COPPER2 images having a higher range because of
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Susceptivity Image

Conductivity Image Susceptivity Image Conductivity Image
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min: -41.44 (mS/M) max: -3.01 min:-0.23 (mS/M) max: 0.87 min: -69.01 (mS/M) max: -0.07 min:-0.71 (mS/M) max: 0.48

(b) NOSER reconstructions. (¢) ToDLeR reconstructions.

Figure 4.4: Comparison of NOSER and ToDLeR reconstructions using the PVC2 pipe target.(a) PVC Target
placed in the tank. (b) NOSER Reconstruction. (b) ToDLeR reconstruction.

the target sizes. This can happen due to the ill-posed EIT problem and smoothing effects related
to regularization. The regularization parameters for the reconstructions are « = 0.01 for NOSER
algorithm and a; = 0.005, as = 0.001 x 10~* for ToDLeR algorithm.

When the PVC and copper targets are placed at the same time in the tank, we can see there is a
good contrast between them, shown in Figure 4.7. Moreover, when the PVC and copper are placed
about 2.5 cm apart (Figure 4.8), there is still a good contrast between the targets in the conductivity
images.

The NOSER and ToDLeR reconstructions shows different susceptivity images in all target
arrangements, which is an effect that we are still investigating and trying to understand and explain.
We can see that both PVC and copper targets appear with less susceptivity, blue color, than the
saline, which is zero, in the ToDLeR reconstructions. Conversely, the NOSER susceptivity images
show higher susceptivity, red color, for both PVC and copper targets. One would expect that

the susceptivity of the PVC and copper pipes is higher than the background [14], which can be
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(a) Target Placement.
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(b) NOSER reconstructions. (c) ToDLeR reconstructions.

Figure 4.5: Comparison of NOSER and ToDLeR reconstructions using the Copperl pipe target. (a) Copper
target placed in the tank. (b) NOSER Reconstruction. (b) ToDLeR reconstruction.

seen in the NOSER susceptivity image, but it is the opposite in the ToDLeR susceptivity image.
Another explanation is that the algorithms use different approaches to solve the inverse problem,
and different regularization strategies.

The differences that occur in the NOSER and ToDLeR reconstructions could be related to
the frequency dependence of the susceptivity. The PVC target becomes more capacitive as the
frequency increases, and the copper targets more inductive, and at 93.750 kHz operation frequency,
is when these changes start to become more distinguished [14]. Thus, since the operation frequency
is around the threshold frequency for the reactive component changes in the PVC and copper
targets, the NOSER algorithm may be picking up the susceptivity as above the threshold while the
ToDLeR algorithm below the threshold.

Since the susceptivity images are either showing higher susceptivity (NOSER) or lower sus-
ceptivity (ToDLeR) for the PVC and copper targets, the contrast shown in the conductivity images

(Figure 4.7) when the PVC and copper target are placed 2.5 cm apart is reduced in the suscep-
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tivity images. We can see that both targets appear as one single target in NOSER and ToDLeR
reconstructions (Figure 4.7). Thus, this shows that the conductivity and susceptivity images give

different results based on the property of the targets.

(a) Target Placement.
Conductivity Image

Susceptivity Image Conductivity Image

L B — S a _— B
min: -1.44 (mS/M) max: 39.71 min:-0.05 (mS/M) max: 1.12 min: -4.01 (mS/M) max: 54.55 min:-1.2 (mS/M) max: 0.52

(b) NOSER reconstructions. (¢) ToDLeR reconstructions.

Figure 4.6: Comparison of NOSER and ToDLeR reconstructions using the Copper2 pipe target. (a) Copper
Target placed in the tank. (b) NOSER Reconstruction. (b) ToDLeR reconstruction.
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(b) NOSER reconstructions. (¢) ToDLeR reconstructions.

Figure 4.7: Comparison of NOSER and ToDLeR reconstructions using PVC1 and Copper?2 targets placed
opposite from each other. (a) Targets placed in the tank. (b) NOSER Reconstruction. (b) ToDLeR recon-
struction.
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(a) Target Placement.
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min: -27.77 (mS/M) max: 33.81 min:-0.21 (mS/M) max: 0.85 min: -47.59 (mS/M) max: 50.62 min: -1.13 (mS/M) max: 0.5
(b) NOSER reconstructions. (¢) ToDLeR reconstructions.

Figure 4.8: Comparison of NOSER and ToDLeR reconstructions using PVC1 and Copper?2 targets placed
close to each other. (a) Targets placed in the tank. (b) NOSER Reconstruction. (b) ToDLeR reconstruction.
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Out-of-plane Current Effects

Since the ToDLeR algorithm can account for different saline level heights while NOSER as-
sumes that the saline level height is the same as the electrode height, 1000 mL of saline was added
to the tank, increasing the saline level height by approximately 1.41 cm above the level of the
electrodes, and keeping its conductivity at 340 mS. This experiment was performed to evaluate
differences in the EIT reconstructions and forward problems due to out-of-plane current effects
due to a higher saline level that is not accounted for in the NOSER algorithm , but it is modeled in
the ToDLeR algorithm by considering the total the saline level height.

The NOSER and ToDLeR reconstructions from the PVC and copper targets shown in Figures
4.9 and 4.10, respectively, do not show any visual spatial difference in the target reconstructions.
However, the ToDLeR oy, is 376.7 mS while the NOSER oy, is 548.1 mS for only saline solution
without any targets in the tank. This shows that the ToDLeR forward solver can account for the out-
of-plane current effects better than NOSER because the ToDLeR model considers the full saline
level while NOSER only considers what is in the same level of the electrodes. Therefore, the extra
saline that is out-of-electrode-plane is seen as a parallel impedance by the NOSER algorithm.

Although this effect does not seem to make any difference for the inverse problem reconstruc-
tions when comparing the NOSER and ToDLeR algorithms, this may not be the case when doing
reconstructions on human subjects where the out-of-plane current effects are more pronounced due

to the differences in tissue impedance.
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(a) Target Placement.
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(b) NOSER reconstructions. (¢) ToDLeR reconstructions.

Figure 4.9: Comparison of NOSER and ToDLeR reconstructions using the PVC1 pipe target with a high
water volume. (a) PVC target placed in the tank. (b) NOSER Reconstruction. (b) ToDLeR reconstruction.

(a) Target Placement.
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(b) NOSER reconstructions. (c) ToDLeR reconstructions.

Figure 4.10: Comparison of NOSER and ToDLeR reconstructions using the Copper1 pipe target with a high
water volume. (a) Copper target placed in the tank. (b) NOSER Reconstruction. (b) ToDLeR reconstruction.
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4.1.2 2D Chest-Shaped Tank Reconstructions

Both NOSER and ToDLeR reconstructions assume circular or cylindrical models when solving
the forward and inverse problems. The main disadvantage of these approaches is not accounting
for the actual human chest shape.

Although the conformal map does not change the NOSER and ToDLeR solutions, it can pro-
vide a better display of the reconstructions using a chest-shaped display. To test the positioning
of the targets after using the conformal map, a chest-shaped tank was used with saline solution
340 mS and saline level height the same as the electrode height, 2.54 cm. The applied current am-
plitude was 0.35 mA at 93.750 kHz, and the reference frame was chosen to be the average of 1600
frames with no targets in the tank and 1600 frames were also averaged for the target configuration.

Figures 4.11 and 4.12 show the NOSER and ToDLeR reconstructions, respectively, on a circu-
lar domain and chest shape domain with the PVC and copper targets. We can see that the NOSER
conductivity and susceptivity, and ToDLeR conductivity and susceptivity images are a much better
representation of the actual 2D chest-shaped tank.

This shows that despite the fact that both reconstruction algorithms consider circular or cylin-
drical models, the conformal map provides a realistic display for the NOSER and ToDLeR recon-
structions, which will be used for displaying the human subject EIT reconstructions. Moreover, the
conformal map can be pre-computed before doing the reconstructions, which means that it does
not affect the real-time reconstructions as long as the display matrix has about the same number of

pixels.
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(a) Target Placement.

Conductivity Image Susceptivity Image Conductivity Image Susceptivity Image
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(b) Circular Domain. (c¢) Chest-Shaped Domain.

Figure 4.11: NOSER reconstructions on a 2D chest-shaped tank. (a) All targets placed in the tank. (b)
NOSER Reconstruction display on a circle domain. (c) NOSER Reconstruction display on a chest-shaped
domain.
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(a) Target Placement.
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(b) Circular Domain. (c¢) Chest-Shaped Domain.

Figure 4.12: ToDLeR reconstructions on a 2D chest-shaped tank. (a) All targets ToDLeR in the tank. (b)
ToDLeR Reconstruction display on a circle domain. (¢) ToDLeR Reconstruction display on a chest-shaped
domain.
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4.1.3 3D Tank Reconstructions

The ToDLeR algorithm was also tested on a 3D cylindrical tank. The applied current amplitude
was 0.35mA at 93.750 kHz, and the saline solution was 340 mS with the saline level height of
18.2 cm. The reference frame was chosen to be the average of 1600 frames with no targets in the
tank. In addition, 50 frames were also averaged for each reconstruction as the target is moved in
the 3D cylindrical tank. Since 2 rows of 16 electrodes are used in human subject data collection,
pairs of electrodes were connected together to reduce the 2 x 32 to 2216 rows of electrodes on
the 3D tank. Moreover, since the water body is too high due to the 3D tank size and the ground
connection is small when touching the water, the data collected on the 3D tank was noisier than the
ones collected on the 2D tank. Thus, a low pass filter was used to filter the voltages before doing
the reconstructions.

Figure 4.13 shows the Re(oy.s;) curve and three different time ranges (TO - red color, T1 - blue
color, T2 - green color) representing each average reconstruction as the stainless steel target moves
from the top of the tank (18.5 cm) to the electrode plane (=~ 10 cm) close to electrodes number 14
and 30. The Re(opes ) curve is used in this case to track the position of the target as it moves since
as it gets closer to the electrode plane, the Re(oy,.;) will increase because the medium is becoming
more conductive. In addition, we can see that the Re(oy.s;) considering only the saline solution is
466.6 mS when compared to the measured conductivity 340 mS from saline solutions. The higher
value is caused by the number of electrodes in contact with the saline solution, which in this case
is 64 electrodes.

At TO, the target is barely submerged, which does not show up on the bottom row, and a
minimal effect can be seen on the top row in the conductivity image. At T1, the target can be seen
on the top row and a minimal effect can be seen on the bottom row in the conductivity image.
At T3, the target is between both plane of electrodes, and it can be seen in both top and bottom
conductivity images. Conversely, we can not see much changes occurring on the susceptivity

image since the stainless steel has a very small reactive component.
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The same experiment was repeated with results shown in Figure 4.14, but this time an insulator
was used as target. Since the insulator has lower conductivity than the background, the Re(opest)
curve decreases as the target gets closer to the electrode plane (= 10 cm) close to electrodes num-
ber 14 and 30. The same effects are observed at TO, T1, and T2 conductivity images, but the
insulator shows as low conductivity region (blue color) as it moves towards the electrode plane.
Moreover, the susceptivity images also shows minimal changes since the insulator has a small

reactive component.
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Figure 4.13: ToDLeR reconstructions on a 3D tank using the stainless steel target. (a) Real part of sigma
best (0pest), and the time range for each reconstruction is represented in red, blue, and green colors. (b)
Reconstruction in the red time range (T0O). (c) Reconstruction in the blue time range (T1). (d) Reconstruction
in the green time range (T2).

The reconstructions of the insulator and stainless steel targets show that objects close to the
water height will not show up on the images, and the out-of-plane effects are minimized by adding
more row of electrodes since the objects have to be much closer to the electrode plane to be seen

on both reconstruction planes.
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Figure 4.14: ToDLeR reconstructions on a 3D tank using the insulator target. (a) Real part of sigma best
(0pest ), and the time range for each reconstruction is represented in red, blue, and green colors. (b) Average
reconstruction at the red time range (T0). (c) Average reconstruction at the blue time range (T1). (d) Average
reconstruction at the green time range (T2).
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4.2 ECG Filtering Algorithm

To evaluate the ECG filtering algorithm, data were collected using the ACT5 system on a
35-year-old healthy male subject having a body mass index (BMI) of 28.4 kg/m? and a chest cir-
cumference of 100.3 cm. The subject was laying in the supine position with 2 rows of 16 electrodes
attached around his thorax with the top row placed above the nipple line and the bottom row below
the nipple line, and with the approximation for the lead II electrocardiogram taken to be the voltage
difference between electrodes 16 and 25 as seen in Figure 4.15.

In a standard ECG electrode placement, the lead II measurement is taken from electrodes
placed in the right arm and below the torso or left leg. Therefore, electrodes 16 and 25 are the

closest in positions to estimate the lead II ECG from the 3D EIT electrode placement.

Figure 4.15: 2x16 electrode arrangement. The estimate for lead II electrocardiogram is taken to be the
voltage difference between electrodes 16 and 25. Electrode 25 is in the upper ring below the subject’s right
arm and electrode 16 is in the lower ring on the left side of the torso.

First, ECG data was collected without applying EIT to evaluate the filter algorithm. We imple-
mented adaptive filters to remove each interfering frequency that was identified by Fourier analysis
with = 0.001, A, = 1, fx, = frrk, with & = {1,...,11}. In addition, due to USA power line in-
terference, we included the first five harmonics of 60 Hz in the adaptive filter stage, with f; = 60k
and £ = {1,...,5}. Thus, nineteen harmonic frequencies are attenuated using the adaptive filter.
Moreover, for the low-pass filter stage, we implemented the Butterworth filter of order 40 with the

cutoff frequency of 150 Hz using the £i1tfilt toolbox.
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For the EIT signal, trigonometric current patterns with amplitude 0.35 mA and frequency of
93.750 kHz were used when the subject was tidal breathing and breath-holding to compare with
the ECG measurements for when EIT current patterns were not applied.

Figure 4.16a shows the comparison between the raw and filtered ECG signals for lead II with-
out applying EIT current patterns. The top image shows the raw ECG signal and its harmonic
components. We can see the powerline 60 Hz frequency interference present in the FFT plot. The
middle image illustrates the filtered ECG with an attenuated 60 Hz interference in the FFT plot
while the bottom image shows both raw and filtered ECG displayed on the same plot which shows
that the filter stage is targeting the interfering harmonic frequencies with minimal signal attenua-

tion and without delaying the ECG signal.

Raw ECG: No EIT 5 FFT Raw ECG: No EIT 5 Raw ECG FFT Raw ECG
=, ° — 1.6
= =
Eos E 4
o @
S 0 S 0.05 = 2 =
= s E E:- 1
-0.5 = 0 @
£ P
< § = E
d & . et £2 g
200 400 600 800 0 100 200 300 400 E Sos
< 4 =0
N Samples Frequency (Hz)
Filtered ECG: No EIT o FFT Filtered ECG: No EIT 6 l l
1 s
= > -8 0
E os E 200 400 600 800 0 100 200 300 400
§ 0 /\d,.._“f—. ‘-2 0.05 N Samples Frequency (Hz)
S 05 5 . .
E @ Filtered ECG FFT Filtered ECG
< = 0.07
1
0 1
200 400 600 800 0 100 200 300 400 0.08
N Samples Frequency (Hz) . S——
Raw/Filtered ECG: No EIT = Gl =0
e T RawECG | | © ‘_é 0.04
=) Filtered ECG s o B
E os 1 = S 0.03
S E &
s ° < .05 = 0.02
=
= - 0.01
1 1 o
100 200 300 400 500 600 700 800 200 400 600 800 0 100 200 300 400
N Samples N Samples Frequency (Hz)
(a) Without EIT current patterns being applied. (b) With EIT current patterns being applied.

Figure 4.16: (a) Comparison between Raw and Filtered ECG signals without applying EIT current patterns.
(b) Comparison between Raw and Filtered ECG signals while applying EIT current pattern.

Figure 4.16b shows the comparison between the raw and filtered ECG signals when applying

EIT current patterns. The top image shows the raw ECG signal and its harmonic components,

including the interfering frequencies from EIT and powerline. The bottom image shows the ECG
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signal and its harmonics after the adaptive and low-pass filter stages. This demonstrates that the
filter stage is suppressing the interfering frequencies effectively, resulting in a clean ECG signal.
The ECG filter algorithm was also evaluated on a patient aged 7 year-old with diagnosed right
bundle branch block, which blocks or delays the cardiac signals. Figure 4.17 shows the patient’s
ECG report taken by the hospital’s ECG machine and the ECG measurement taken by the ACTS
system. We can see that the lead II ECG traces are very similar between the two ECG measure-
ments with differences being caused by the lead II electrode position. This shows that the ECG

filter algorithm can produce accurate filtered ECG results when compared to standard ECG mea-

surements.

(a) Patient’s ECG report.

dopc i e
15155 HEREE SRS EYER B B

(b) Lead II ECG measurement with  (¢) Lead II ECG measurement with
hospital’s ECG machine. the ACTS system.

Figure 4.17: Comparison of ECG measurements with the hospital’s ECG machine and the ACT5 system.

The main disadvantage of the Adaptive LMS filter is the adaptation time. It takes about 7s for
the filter to converge, which makes the ECG signal close to the beginning of the data collection
not usable. This can be shortened by increasing the y step-size, but it will cause distortions on the

ECG signal, leading to inaccurate ECG signals.
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4.3 Examples of Ventilation and Perfusion Images

EIT has high temporal resolution which allows us to reconstruct several frames from a ven-
tilation and perfusion sequence. For each reconstruction that is shown in the following sections,
videos were made with the full frame sequence of reconstructions, but only time snapshots are
displayed as the results in this dissertation.

For pulsatile perfusion reconstructions, frames corresponding to systole and diastole can be
determined from the ECG. Figure 4.18 shows an ECG signal from a healthy subject where each
red mark represents an EIT frame. The ECG signal is measured while each EIT current pattern is

applied.

25 T T T T

Amplitude (mV)

_2.5 | 1 | 1 1 |
200 400 600 800 1000 1200 1400

ECG Samples

Figure 4.18: ECG signal from a healthy subject used to find the reference frame. Red marks correspond to
an EIT frame.

Since we usually apply 16 or 32 current patterns, which includes the L. — 1 number of patterns
plus a constant DC pattern for ground current measurements, the EIT frame represents the data

between two red marks on the ECG signal plot. Thus, to find the corresponding EIT frame based on
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the ECG signal, we need to divide the ECG sample number by 16 or 32, depending on the number

of current patterns applied, since there are more ECG measurements than EIT measurements.
Figure 4.19 shows a ToDLeR perfusion reconstruction over a period of time from a healthy

subject during breath-holding. The upper image is the reconstruction through the upper plane of

electrodes and the lower image is the reconstruction through the lower plane of electrodes.
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Figure 4.19: 3D perfusion reconstruction on a healthy subject.

The blue vertical line on the ECG plot indicates the EIT reference frame, which is at the end
of the S-wave, corresponding to the end of diastole. The red vertical lines at the end of T-wave,
beginning of P-wave, and beginning of Q-wave, indicates each EIT reconstruction image time.
Choosing a reference at the end of diastole means that during systole, the lung region will have red
color because of the movement of blood into the lungs while the heart region will have blue color
since the blood is leaving the heart to the pulmonary and systemic circulation.

The peak of systole occurs at the end of the T-wave, and we can see on the conductivity images
that is the time where the lung regions have the highest conductivity (red color), and the heart
region the lowest conductivity (blue color). As the time advances in the cardiac cycle, the heart

becomes more conductive and the lungs less conductive represented by the reconstructions at the
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beginning of the P-wave. Then, reconstructions closer to the end of the S-wave will barely show
any changes since it is close to the reference frame.

Figure 4.20 shows the Re(oy.s) curve. For ventilation reconstructions, the Re(opes) curve
gives information about the ventilation changes in the lungs and when the full-inspiration and full-
expiration time occurs. At full-inspiration (blue marks), the lung regions become less conductive
because of a higher volume of air in the lungs while at full-expiration (red marks), the lung regions

become more conductive due to less volume of air.
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Figure 4.20: Sigma best (0p.5¢) ventilation curve used to find the reference frame. Red marks correspond
to the end of expiration frames and blue marks correspond to the end of inspiration frames.

Figure 4.21 show the ventilation reconstructions of a ventilatory time sequence. The blue verti-
cal line corresponds to the reference frame at full-expiration while the red vertical lines corresponds
to full-expiration, middle of inspiration, and at full inspiration. As the lungs have more air volume
during inspiration, the lungs regions in the conductivity images become more blue, representing
areas of low conductivity. At full-inspiration, it is the moment where the lung regions show the

lowest conductivity values due to the high volume of air.
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Figure 4.21: 3D ventilation reconstruction on a healthy subject.

For convention, in the next sections, the perfusion images will be shown at the end of T-wave
with reference frame at the end of S-wave while the ventilation images will be shown at full-
inspiration with reference frame at full-expiration.

To compute ElT-derived measures, both ventilation and pulsatile perfusion reconstructions
must be segmented. Figure 4.22 shows examples of ventilation and pulsatile perfusion images
segmented with the lung regions. The areas in blue correspond to aerated lung regions which are
used to compute the EIT-derived measures from the ventilation reconstructions. The areas in red
correspond to the amount blood presence in the lungs from the pulsatile perfusion reconstructions.
Moreover, to better understand how disease affects different regions of the lungs, the lung regions

are separated as upper right (UR), upper left (UL), lower right (LR), and lower left (LL).
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Figure 4.22: Ventilation and perfusion segmented images and lung region definitions.

4.4 EIT Reconstructions of preterm babies

This section shows the ventilation and pulsatile perfusion images from a subset of five healthy
control babies with gestational age (37.1, £3.6) weeks and chronological age (46.7,+40.9) days,
and patients with BPD with gestational age (31.2,41.0) weeks and chronological age (33.8,
+21.2) days during the first visit using the NOSER and ToDLeR algorithms, and the ACT5 sys-
tem. The data were collected at Children’s Hospital Colorado in the Neonatal Intensive Care Unit
(NICU).

Sixteen electrodes were placed around each baby’s torso (Figure 4.23) and trigonometric cur-
rent patterns with amplitude 0.35 mA and frequency of 93.750 kHz were applied during the data
collection. Since we are using 16 electrodes, the frame rate was doubled to 54 frames/sec. More-
over, the ventilation reconstructions were performed from tidal breathing while the perfusion re-
constructions were performed during the baby’s breathing pauses or extracted from long expiration

time sequence.

4.4.1 NOSER Ventilation Reconstructions

Figures 4.24-4.26 show the NOSER ventilation reconstruction snapshots at full inspiration
with reference frame at full expiration from the control babies and babies with BPD, which are
displayed in numbering order. We can see that the control conductivity and susceptivity images of

the controls show more aerated region than the BPD conductivity and susceptivity images, which
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Figure 4.23: Single row of 16 electrodes placed on a baby with BPD.

could be caused by the age difference between the controls and infants with BPD. However, we
can see that the BPD patient 2 and 3 only show more ventilation changes towards the left lung.

The radiology report from visit 1 for BPD patient 2 says that ("Similar mild lung hyperexpan-
sion. Diffuse granular and interstitial opacities appear slightly decreased. Mild streaky opacity in
the right upper lobe, likely atelectasis.”). Thus, we can see that the BPD patient 2 reconstructions
are in accordance with the radiology report since the right lung does not show much changes dues
to ventilation.

The radiology report from visit 1 for BPD patient 3 says that ("Lung volumes are normal.
Interstitial opacities are slightly worsened. Small bilateral effusions are similar. The heart is
normal in size. No Pneumothorax.”). In this case, the report does not say anything about the
right/left lung condition besides that the interstitial opacities are slightly worsened. However, we
can still see that the both lungs are not fully open, which can indicate the effect of the interstitial
opacities.

BPD patients 1 and 5 also have interstitial opacities according to the radiology, but it does
not seem to cause more changes in the NOSER ventilation reconstructions when compared to the

controls. Moreover, BPD patient 4 has an improved bilateral linear upper lobe atelectasis.
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Figure 4.24: NOSER Ventilation Reconstructions on Controls 1 and 2, and BPD patients 1 and 2. (Left)
Controls and (Right) BPD patients.
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Figure 4.25: NOSER Ventilation Reconstructions on Controls 3 and 4, and BPD patients 3 and 4. (Left)
Controls and (Right) BPD patients.

75



Conductivity Image Susceptivity Image Conductivity Image Susceptivity Image

28 @68

min: -0.92 (mS/M) max: 0.02 min: -1.66 (mS/M) max: 0.07 min: -0.87 (mS/M) max: 0.04 min: -1.65 (mS/M) max: 0.08

(a) Control 5. (b) BPD patient 5.

Figure 4.26: NOSER Ventilation Reconstructions on Control 5, and BPD patient 5. (Left) Control and
(Right) BPD patient.

4.4.2 ToDLeR Ventilation Reconstructions

Figures 4.27-4.27 shows the ToDLeR ventilation reconstruction snapshots at full inspiration
with reference frame at full expiration for the same control babies and BPD patients, and venti-
latory sequence as the NOSER reconstructions. We can see a better spatial resolution and lung
definition in the ToDLeR conductivity images when compared to the NOSER conductivity images
for both controls and BPD patients. Conversely, the NOSER susceptivity images shows better
reconstructions when compared to the ToDLeR susceptivity images.

A more pronounced effect due to the mild streaky opacity in the right upper lobe in the BPD
patient 2 can be seen as the red spot in the right lung region in the conductivity image. Also, BPD
patient 3 presents conductivity changes due to ventilation in the left lung.

BPD patient 4 has small ventilation changes in the conductivity image occurring in the left
lung, which could be caused by the interstitial opacities. BPD patients 1 and 5 were also reported

with interstitial opacities but it seems to cause small effects in the ventilation conductivity images.
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Figure 4.27: ToDLeR Ventilation Reconstructions on Controls 1 and 2, and BPD patients 1 and 2. (Left)
Controls and (Right) BPD patients.
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Figure 4.28: ToDLeR Ventilation Reconstructions on Controls 3 and 4, and BPD patients 3 and 4. (Left)
Controls and (Right) BPD patients.
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Figure 4.29: ToDLeR Ventilation Reconstructions on Control 5, and BPD patient 5. (Left) Control and

(Right) BPD patient.

Both NOSER and ToDLeR reconstructions shows changes in ventilation from controls and
BPD patients, and effects due to lung diseases in BPD patients. The ToDLeR conductivity recon-
structions shows better resolution than the NOSER conductivity reconstructions which could be
caused by the out-of-plane current effects since the ToDLeR reconstruction algorithm uses a 3D
model to solve the forward and inverse problems.

The ToDLeR susceptivity images shows poor reconstructions when compared to the NOSER
susceptivity reconstructions on controls and BPD patients. This could be related to regularization
factors since we used the same parameters when reconstructing the conductivity and susceptivity

images.

4.4.3 NOSER Perfusion Reconstructions

Figures 4.30-4.32 show the NOSER perfusion reconstruction snapshots at the end of the T-
wave with reference frame at the end of the S-wave for the controls and BPD patients, which are
displayed in numbering number order. Comparing the NOSER perfusion reconstructions from
controls and BPD patients, we can see that they have a similar distribution of blood in the lung
regions.

The radiology report for BPD patient 4 says that ("Heart size is mildly enlarged"), which is

not captured by the NOSER perfusion reconstructions, which could result from the low spatial res-
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Figure 4.30: NOSER Perfusion Reconstructions on Controls 1 and 2, and BPD patients 1 and 2. (Left)

Controls and (Right) BPD patients.

olution. The other BPD patients either have normal size heart or it is not reported on the radiology

report.
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Figure 4.31: NOSER Perfusion Reconstructions on Controls 3 and 4, and BPD patients 3 and 4. (Left)
Controls and (Right) BPD patients.
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Figure 4.32: NOSER Perfusion Reconstructions on Control 5, and BPD patient 5. (Left) Control and
(Right) BPD patient.
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4.4.4 ToDLeR Perfusion Reconstructions

Figures 4.33-4.35 shows the ToDLeR perfusion reconstruction snapshots at the end of the T-
wave with reference frame at the end of the S-wave for the controls and BPD patients. We can
see a slightly better spatial resolution in the conductivity images when compared to the NOSER
conductivity images.

Conductivity Image Susceptivity Image

Conductivity Image Susceptivity Image

min: -8.49 (MmS/M) max: 6.27 min: -0.58 (mS/M) max: 1.05

(a) Control 1.

Conductivity Image

Susceptivity Image

-_— — -_—
min: -3.44 (mS/M) max: 3.88 min: -0.26 (mS/M) max: 0.7

(¢) Control 2.

L0

min: -6.61 (MmS/M) max: 2.7 min: -0.14 (mS/M) max: 0.61

(b) BPD patient 1.

Conductivity Image

min: -6.78 (mS/M) max: 2.58 min: -0.61 (mS/M) max: 0.45

Susceptivity Image

(d) BPD patient 2.

Figure 4.33: ToDLeR Perfusion Reconstructions on Controls 1 and 2, and BPD patients 1 and 2. (Left)
Controls and (Right) BPD patients.

The ToDLeR conductivity image from BPD patient 3 shows better lung perfusion definition
than the NOSER conductivity image for the same patient. Moreover, the BPD patient 4 heart
region seems slightly enlarged when compared to controls and other BPD patients, which indicates
the the ToDLeR conductivity images can capture smaller spatial changes when compared to the
NOSER conductivity images.

The ToDLeR susceptivity images from perfusion changes are also poor when compared to the

NOSER susceptivity images, which could be related to the regularization parameters since we can
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Figure 4.34: ToDLeR Perfusion Reconstructions on Controls 3 and 4, and BPD patients 3 and 4. (Left)
Controls and (Right) BPD patients.

see good 2D ToDLeR susceptivity images from targets in a tank shown in section 4.1.1. Overall,
the ToDLeR reconstructions have better spatial resolution than the NOSER reconstructions on

controls and BPD patients.
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Figure 4.35: ToDLeR Perfusion Reconstructions on Control 5, and BPD patient 5. (Left) Control and
(Right) BPD patient.
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4.4.5 Longitudinal Analysis

A longitudinal analysis of the preterm infants was performed, and 18 preterm and 5 control
infants were enrolled. In this study, two patients withdrew, leaving 16 patients included in the
study. Table 4.1 shows the study population was 38% female and had a mean birth gestational age
of 26.6 weeks and mean birth weight of 953 g. At 36 weeks post-menstrual age (PMA), 1 infant
(6%) had no BPD, 6 (38%) had grade 1 BPD, 6 (38%) had grade 2 BPD, and 3 (19%) had grade 3
BPD.

Table 4.1: Demographics of patients with BPD.

Preterm Infants (n=16) Term Infants (Controls) (n=5)

Mean Gestational Age (range) 26.63 (23.4 —31) weeks 38.83 (37-40.4) weeks
Mean Birth Weight (range) 953 (425 - 1575) grams 3031 (2440 — 2581) grams

Female n (%) 6 (38%) 3 (60%)

Mean Chronological Age 49 (19-108) days 56.6 (42-106) days
at First EIT Visit (range)

BPD Severity

No BPD, n (%) 1 (6.25%) N/A

Grade 1, n (%) 6 (37.5%) N/A

Grade 2, n (%) 6 (37.5%) N/A

Grade 3, n (%) 3 (18.75%) N/A

Figures 4.36-4.40 show the 2D ToDLeR reconstructions from ventilation and pulsatile per-
fusion at full inspiration and peak of systole with reference frames at full expiration and end of
diastole, respectively, for 3 patients with different grades of BPD. During some visits, the patients
were imaged pre (T1) and post (T2) airway clearance, which in some cases also included albuterol
administration.

Figures 4.36-4.37 show the ventilation and pulsatile reconstructions from 4 visits of a patient
with BPD grade 3. During visits 1, 2 and 4, the patient underwent airway clearance, which is used

to removed mucus from the lungs, and albuterol was administered in visits 3 and 4. We can see
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that there is a better ventilation and perfusion distribution at T1 in visits 3 and 4 when compared to
visits 1 and 2, which could be related to the patient’s growth and response to treatment. However,
there is a decrease in lung ventilated regions at T2 compared to T1 during visits 3 and 4, which is

not expected since the patient received albuterol.
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Figure 4.36: Patient with grade 3 BPD. The patient underwent airway clearance in visit 1 and a follow-up
in visit 2.

Figures 4.38-4.39 show the ventilation and pulsatile reconstructions from 3 visits of a patient
with BPD grade 2. The patient underwent airway clearance and albuterol was administered only at
visit 3. This patient also shows an improvement in ventilation and perfusion distributions in visits
2 and 3 when compared to visit 1.

Figure 4.40 shows the ventilation and pulsatile reconstructions from 2 visits of a patient with
grade 1 BPD. The patient underwent airway clearance only at visit 1. This patient presented a more

homogeneous ventilation at T1 than T2 during visit 1. Moreover, the ventilation reconstruction in
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Figure 4.37: Patient with grade 3 BPD. The patient underwent airway clearance and albuterol in visit 3 and
4.
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Figure 4.38: Patient with grade 2 BPD. The patient had follow-ups without airway clearance in visit 1 and
2.
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Figure 4.39: Patient with grade 2 BPD. The patient underwent airway clearance without albuterol in visit 3.

visit 2 shows more heterogeneity in ventilation than during visit 1 while the perfusion reconstruc-
tion has a better contrast during visit 2 than during visit 1.

Both patients with grade 2 and 3 BPD shown improvements over time for ventilation and
perfusion images. Although the reconstructions at T2 seems to be worse than then reconstructions
at T1, this could be related to the airway clearance, which can cause electrode attachment issues as
well as put the patient in distress. Also, the patient with grade 1 BPD showed more homogeneous
ventilation during visit 1 than visit 2, which could be explained by the patient activity during data
collection, or worsening condition.

Table 4.2 shows GI and tidal volume outcome measures in control infants and infants of each
BPD severity at their study visit closest to 36 weeks PMA. This statistical analysis was per-
formed by the statisticians Ella Hagopian and John T. Brinton from University of Colorado Denver.
Preterm infants had significantly higher GI than control infants. This trend was sustained for all
BPD groups compared to controls. When combined into a single group of patients with BPD
(n=13), the mean GI was significantly higher compared to the five controls (mean=0.49 SD=0.1
vs. mean=0.32 SD=0.1, p=0.002). Additionally, GI was higher in preterm infants at the visit clos-
est to 36 weeks PMA when compared to controls. On the other hand, Tidal volumes for infants
with BPD tended to be lower compared to control infants at the visit closest to 36 weeks PMA,

although this difference was not statistically significant, and the trend was not sustained
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Figure 4.40: Patient with grade 1 BPD. The patient underwent airway clearance without albuterol in visit 1
and a follow-up in visit 2.

Table 4.2: Summary Mean EIT Measurements in Preterm vs Term Infants at EIT visit closest to 36 weeks
PMA.

EIT Control None/Grade 1 Grade 2 Grade 3
Metric (N=5) (N=9) (N=2) (N=2) p-value
Gl 0.32(0.1) 0.51 (0.1) 0.41(0.1) 0.51(0.1) 0.02*
Tidal
Volume 50.00 (33.5) 37.09 (11.2) 27.30(4.9) 41.69 (12.3) 0.54

Note: Mean (SD), [Median]. *Omnibus F-test. Abbreviations: EIT=Electrical Impedance
Tomography; BPD=Bronchopulmonary Dysplasia; GI=Global Inhomogeneity Index;

VQI=Ventilation Perfusion Index.
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4.5 EIT Reconstructions on ARDS Patients

This section shows the ventilation conductivity images from a subset of eight healthy control
adults with BMI of (22.8, +-4.8) kg/m? and eight ARDS patients with BMI of (24.4, +4.8) kg /m?
under mechanical ventilation with EIT data collected using the GE GENESIS System. The data
were collected at UCHealth at University of Colorado Anschutz Medical Campus in the Intensive
Care Unit (ICU).

A total of 32 electrodes arranged in 2 rows of 16 were placed around each subject’s torso, and
3D trigonometric current patterns with amplitude 93.5 A and frequency of 10 kHz were applied
during the data collection. Moreover, the ventilation reconstructions from control subjects were

done during tidal breathing while laying in supine position.

4.5.1 Comparison versus healthy subjects

Figure 4.41 shows the 3D ToDLeR ventilation conductivity images snapshots at full inspiration
with reference frame at full expiration from eight healthy control adults while Figure 4.42 shows
the reconstructions from mechanically ventilated ARDS patients. The reconstructions are dis-
played in numbering order and the susceptivity images were not computed since the GE GENESIS
system operates at 10 kHz, which is not high enough to show susceptivity changes.

The conductivity images from controls show more ventilation changes occurring in the anterior
parts of the lungs. This effect is expected because the controls were laying in supine position which
cause dorsal lung compression due to gravitational effects [87].

The conductivity images from ARDS patients are overall different from the control conductiv-
ity images. Table 4.3 contains the radiology report for each ARDS patient. The report for ARDS
patient 1 says "Increased streaky retrocardiac opacities could reflect atelectasis", which could ex-
plain why there is more conductivity changes towards the anterior lung than the posterior lung
regions. The report for ARDS patient 2 says "Streaky bibasilar opacities favor atelectasis", which
can be noticed in the conductivity images since most of the ventilation changes is located in the

anterior lung regions.
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Figure 4.41: EIT Ventilation Reconstructions on Controls using the GENESIS System.
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Figure 4.42: EIT Ventilation Reconstructions on ARDS patients using the GENESIS System.
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Table 4.3: Radiology report from ARDS patients.

Patient Radiology report

1 Increased streaky retrocardiac opacities could reflect atelectasis,
infection/aspiration or combination of these processes.

2 Streaky bibasilar opacities favor atelectasis.
No consolidation or pleural effusion.

3 Residual hazy opacities throughout the right lung

4 Slightly improved left perihilar opacities.

Decreased left pleural effusion.
Stable right pleural effusion.
5 The central airways are patent. Small volume left pleural effusion.
Mixed density consolidation in the left lower lobe.
Opacities in the left upper and lower lobe superior segment.

6 Similar mild interstitial opacities bilaterally, left greater than right
7 Patchy consolidation of the right lower lobe air bronchograms.
8 Patchy central airspace opacities in both upper lobes.

Trace bilateral pleural effusions with small adjacent hyperattenuating atelectasis.

We can see that the report for ARDS patient 3 says "hazy opacities through the right lung", and
the conductivity images show small to no ventilation changes in the right lung. Conversely, ARDS
patient 5 shows small ventilation changes in the left lung which is in accordance with the radiology
report which states that "small volume left pleural effusion and mixed density consolidation in the
left lower lobe".

ARDS patient 4 shows small aerated region in the right lower lung, but the radiology report
says that "Stable right pleural effusion". The left lung shows good ventilation in the conductivity
images. The conductivity image shows more ventilation in the upper lungs for ARDS patient 6
than the lower lungs, with the left lower lung being better ventilated in the posterior section, which
could relate to the reported "Similar mild interstitial opacities bilaterally, left greater than right".

The conductivity image for ARDS patient 7 shows good ventilation in both lungs, with more
ventilation changes occurring in the anterior part, which agrees with the radiology report. In ad-

dition, ARDS patient 8 has heterogeneous ventilation distribution in the upper lungs while small
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ventilation occurring in the lower lungs, which could be consist with the radiology report - "Patchy
central airspace opacities in both upper lobes".

The 3D ToDLeR conductivity images show good accordance with the radiology reports, in-
cluding the affected lung regions. Some discrepancy could be explained by electrode placement
being either to high or low on the torso, which could make some pathology not appear in the con-
ductivity images. Moreover, for some ARDS patients, we removed the data from some electrodes
when running the reconstructions due to poor or no connection during the data collection, which

reduces the reconstruction quality.

4.5.2 Pre and during SBT reconstructions and statistical results

Figures 4.43 and 4.44 show the EIT reconstructions for the same 8 patients at full inspiration
during Pre SBT (T1) and On SBT (T2) displayed on the same scale. Table 4.4 shows the demo-
graphic information for the subset of 8 patients with groups a (successful liberation in less than 1

day), b (required greater than or equal to 1 day for ventilator liberation) and c (terminally extubated

or discharged) [88].

Table 4.4: Demographic information from a subset of 8 mechanically ventilated patients.

Thorax

| ge j BMI
Patient Group Gender (years) Péruneter (kg/m2)
(inches)

1 . F 62 36 21.19
) a M 47 36 20.21
3 . M 73 36 21.43
4 b M 52 40 22.33
5 . M 68 32 25.47
6 a E 73 44 31.33
7 a M 62 36 21.19
8 a M 79 44 32.22
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We can see that there is minimal change in the reconstructions from T1 to T2, except for ARDS
patient 1 and ARDS patient 8. For those patients, we can see some ventilation differences in both
upper and lower lungs at T1 and T2. Figures 4.45-4.46 show the estimated global and regional
volumes (ULL, URL, LRL, LLL) derived from the EIT-conductivity images.

For all patients, except ARDS 4 and 6, the estimated global volumes are in acceptable range
between 400 mL and 800 mL at T1 and T2. Some differences to the actual applied volume of
air during mechanical ventilation can be related to defining the voxel volumes, regularization, and
electrode artifacts.

EIT-derived measures were also compared between T1 and T2 for the 18 patients with inter-
pretable data (Table 4.5) using statistical hypothesis tests. In the cases for which the data samples
were not normally distributed, the logarithmic transformation or a non-parametric test was per-
formed. The paired samples t-test or the non-parametric Wilcoxon rank-sum test were used to

verify if there was a statistical difference (p < 0.05) for the mean or median between T1 and T2.
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Figure 4.43: EIT SBT Ventilation Reconstructions at T1 and T2 of ARDS patients using the GENESIS
System.
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Figure 4.44: EIT SBT Ventilation Reconstructions at T1 and T2 of ARDS patients using the GENESIS
System.

GI, global volume, RSBI, RVDI, the RVD Spatial Mean (RVDSM, the average of RVD from
all lung voxels), and the RVD Spatial CV (RVDSCYV, the coefficient of variation defined by RVDI
divided by RVDSM) were computed at T1 and T2 using 3 consecutive breaths in the computations.

We did not observe significant differences between T1 and T2 across the cohort for RVDSM,
RVDI, RVDSCYV, global volume, GI, or RSBI. Of the 18 patients, 7 underwent successful liberation
in less than 1 day, whereas 6 required greater than or equal to 1 day for ventilator liberation. The
remaining five were terminally extubated or discharged from hospital on MV.

Among patients with successful liberation and failed liberation, we can see that there was a
small decrease in RVDSM, GI, and RSBI between T1 and T2 while there was a small increase in
RVDI and RVDSCYV for both groups. Comparing the patients with successful and failed liberation,
the RVSM, RVDI, RVDSCYV, and GI are higher for the failed liberation group than the succesful

liberation. However, these small changes were not statistically significant.
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(c) ARDS patient 3 (T1-T2).
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(d) ARDS patient 4 (T1-T2).

Figure 4.45: Estimated global and regional volumes at T1 and T2 from ARDS patients 1, 2, 3, and 4.
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(d) ARDS patient 8 (T1-T2).

Figure 4.46: Estimated global and regional volumes at T1 and T2 from ARDS patients 5, 6, 7, and 8.
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During SBT, patients are still under mechanical ventilation with minimal ventilator settings to
evaluate the patients ability to breath without the ventilator assistance. Since the data collected
at T1 and T2 are within 30 minutes, it may occur that there was not enough time to evaluate the
differences between T1 and T2. Moreover, 18 patients may not have lead to enough power in the

statistical analysis to determine whether there were differences between T1 and T2.

Table 4.5: Summary of Electrical Impedance Tomography-Derived Measures From 18 Mechanically Ven-
tilated Patients Before the Spontaneous Breathing Trial (T1) and During the Spontaneous Breathing Trial
(T2).

Measure T1, Median (IQR) T2, Median (IQR) p-value
Entire cohort, n = 18

RVD spatial 49.78 (41.39-55.28) 48.74 (44.65-53.58) 0.974
RVDI 11.33 (7.38-13.95) 11.28 (8.15-15.54) 0.840
RVD spatial CV 0.22 (0.15-0.33) 0.24 (0.16-0.35) 0.940
Global volume 810.42 (570.44-1128.60) 877.06 (594.35-1006.36) 0.929
GI 83.09 (77.38-89.32) 77.28 (73.73-92.10) 0.442
RSBI 39.26 (34.39-60.62) 41.25 (27.62-55.29) 0.832
Successful liberation, n =7

RVD spatial 51.95 (44.88-55.14) 48.06 (43.34-50.36) 0.133
RVDI 7.56 (6.32—-14.72) 8.73 (6.80-14.06) 0.781
RVD spatial CV 0.18 (0.12-0.28) 0.19 (0.16-0.31) 0.491
Global volume 862.95 (750.49-1200.60) 1004.03 (864.51-1018.85) 0.578
GI 78.05 (77.17-97.19) 77.77 (73.00-90.57) 0.219
RSBI 52.67 (38.20-60.79) 50.70 (44.90-57.34) 0.469
Failed liberation, n = 6

RVD spatial 53.27 (44.51-55.91) 48.29 (41.49-53.58) 0.333
RVDI 11.33 (9.49-12.83) 11.78 (9.53-14.94) 1.000
RVD spatial CV 0.22 (0.20-0.34) 0.26 (0.20-0.29) 0.803
Global volume 905.61 (657.45-1181.35) 821.37 (594.35-1221.11) 0.481
GI 85.27 (82.99-92.19) 79.34 (75.78-102.13) 1.000
RSBI 48.42 (35.38-66.37) 40.13 (22.00-73.26) 0.275
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4.5.3 Comparison versus X-rays and CT scans

To evaluate the spatial resolution and regional lung information of the EIT reconstructions, the
conductivity images at full inspiration were also compared to X-rays and CT scans of the patients
with ARDS taken at the nearest date to the EIT data collection. Also, the X-rays and CT scans
correspond to the radiology reports shown previously in Table 4.3, and the top and bottom CT scan
slices correspond to the thoracic vertebrae (T5) and (T8), respectively, which is an estimation of
each electrode plane.

Figures 4.47 and 4.48 show the EIT reconstructions of each patient shown previously and
their corresponding X-ray or CT scans. We can see that for ARDS patient 3, there are opacities
throughout the lower and middle right lung lobe, which is consistent with the EIT reconstruction.

The same consistency can be observed for the ARDS patients 5, 7, and 8. The CT scan for
ARDS patient 5 C shows consolidations in the left lower lobe while the EIT images show very
little to no changes in the left lower lung. The CT scan for ARDS patient 7 shows consolidations
in the posterior right lower lobe, which is consistent with the EIT reconstructions. The CT scan for
ARDS patient 8 shows abnormalities in the lower lungs, which can be observed as small changes
in the EIT reconstruction of the bottom slice.

For ARDS patients 1, 2, and 4, a professional radiologist can better distinguish abnormalities
in the lungs as in the radiology report (Table 4.3), which could relate to the effects observed in the
EIT reconstructions. However, we can see that overall the EIT reconstructions are consistent with

the X-rays and CT scans.
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Figure 4.47: EIT Ventilation Reconstructions on ARDS patients and corresponding X-rays or CT scans for
ARDS patients 1-4.
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4.6 EIT Reconstructions on CF Patients

In the CF study, 20 patients were imaged over the span of three years. This section shows the
ventilation and pulsatile perfusion images from a subset of eight controls aged (8, +2.5) years old
and CF patients aged (11, £3.9) years old during their first visit computed using the 3D ToDLeR
algorithm. This subset of patients was chosen because of having ages similar to the control sub-
jects. Data were collected at Children’s Hospital Colorado in the Breathing Institute using the
ACTS system.

A total of 32 electrodes arranged in 2 rows of 16 were placed around each subject’s torso,
and 3D trigonometric current patterns with amplitude 0.35 mA and frequency of 93.750 kHz were
applied during the data collection at 27 frames/sec. The ventilation reconstructions computed from
data collected during tidal breathing while the perfusion reconstructions were computed from data

collected during breath-holding while the subject was sitting upright.

4.6.1 Ventilation Reconstructions

Table 4.6 shows the demographics for the subset of eight CF patients. We can see that all CF
patients, except for CF patient 7, are receiving cystic fibrosis transmembrane conductance regulator

(CFTR) modulators - either Trikafta or Orkambi.

Table 4.6: CF patient demographics.

Patient Gender Age CF Genotypes Treatment FVC(%) FEV1(%)
1 F 10yOm F508del/F508del Trikafta 108 114

2 F 8yOm  F508del/W128X Trikafta 121 122

3 M 17y4m F508del/2789+5G>A Trikafta 88 98

4 M 14y4m F508del/2789+5G>A Trikafta 125 124

5 M 4y10m F508del/F508del Orkambi 83 83

6 M I1ylm F508del/G542X Trikafta 96 96

7 F I11ylm F508del/F508del None 99 105

8 M 13y9m F508del/F508del Trikafta 119 115
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Table 4.7 shows the FVC and FEV1 for each healthy control subject. Except for control 8,
which has FVC = 65% and FEV1 = 70%, all other control subjects have FVC and FEV1 values
above 90%. The low values of FVC and FEV1 reported from the control subject 8 may be related

to practice, a lack of experience, skill, or effort when doing the pulmonary function tests.

Table 4.7: Spirometry results from control subjects.

Control Gender Age FVC(%) FEV1(%)

1 M 6yl0m 101 112
2 M 8y8m 106 97
3 F 5y0m 102 98
4 M 9y2m 108 107
5 M 7y4dm 99 92
6 M 6yom 108 112
7 M 11lyOm 114 94
8 F 12y0Om 65 70

Figures 4.49-4.52 show the ventilation reconstruction snapshots at full inspiration with refer-
ence frame at full expiration from control subjects and CF patients, which are displayed in number-
ing order. The conductivity images from CF patients 1-4 show similar lung aerated regions as the
conductivity images from controls. Except for CF patient 3, the pulmonary function test Forced
Vital Capacity (FVC) and Forced Expiratory Volume in 1 second (FEV1) are above 100%, which
indicates good pulmonary ventilation. We also observed that both the controls and CF patients sus-
ceptivity images have poor resolution, which could be related to the applied 93.750 kHz frequency
since the susceptivity highly depends on w.

CF patients 5-7 have FVC and FEV1 around 100%, with CF patient 5 having FVC 83, which
also indicates normal values, but the conductivity images show poor lung ventilation during tidal
breathing, which may be due to lung damage. The conductivity image from CF patient 8 shows

good lung ventilation with the patient reporting FVC and FEV1 above 100%. Also, PFTs have
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poor correlation with lung health in persons with CF, which can possibly be attributed to the fact

that they do them often, and so they can get good at performing the tests.

The EIT conductivity images seem to be in good accordance with the pulmonary function

tests showing more ventilated lung areas for those with high FCV and FEV1. The susceptivity

images do not provide information about the lung conditions since they seem to be exhibiting

more reconstruction artefacts.

The CFTR modulators are designed to stop CF disease progression as long as the person con-

tinues to take them, however, it will not revert lung damage caused by the CF disease. Thus, some

patients may have more lung damage depending how early aged they started the CFTR therapy and

how fast the disease progressed.
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Figure 4.49: EIT Ventilation Reconstructions on Controls 1 and 2, and CF patients 1 and 2. (Left) Controls
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Figure 4.50: EIT Ventilation Reconstructions on Controls 3 and 4, and CF patients 3 and 4. (Left) Controls
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Figure 4.51: EIT Ventilation Reconstructions on Controls 5 and 6, and CF patients 5 and 6. (Left) Controls
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Figure 4.52: EIT Ventilation Reconstructions on Controls 7 and 8, and CF patients 7 and 8. (Left) Controls
(Right) CF patients.

4.6.2 Perfusion Reconstructions

Figures 4.53-4.56 show the pulsatile perfusion reconstruction snapshots at the end of the T-
wave with reference frame at the end of the S-wave for the controls and CF patients, which are
displayed in numbering number order. The conductivity images from CF patients have similar
blood distribution during the peak of systole. This indicates that although CF patients 5-7 showed
poorly ventilated lung regions, their pulmonary perfusion seems normal when compared to healthy
controls.

The perfusion susceptivity images look better when compared to the ventilation susceptivity
images for all controls and CF patients. Since the ventilation and perfusion images capture sus-
ceptivity changes caused to air and blood movement, respectively, it may indicates that different
regularization strategies are needed when reconstructing susceptivity images as well as different

operation frequencies.
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Figure 4.53: EIT Perfusion Reconstructions on Controls 1 and 2, and CF patients 1 and 2. (Left) Controls

(Right) CF patients.
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Figure 4.55: EIT Perfusion Reconstructions on Controls 5 and 6, and CF patients 5 and 6. (Left) Controls

(Right) CF patients.
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The 3D EIT images show heterogeneity in ventilation distribution in patients with CF. The
reconstructions from patient 1 are similar to those of the healthy controls, possibly indicating ben-
eficial effectors of modulator therapy or lesser lung damage. Patient 2 presents more heterogeneity
and variations between visits. Moreover, the PFTs for patient 1 showed higher values than for

patient 2, which could indicate better lung function.

4.6.3 Longitudinal Analysis

20 patients with CF were imaged using the ACTS5 EIT system over 3 years at Children’s Hos-
pital Colorado while healthy control subjects were imaged once. During data collection, subjects
were sitting upright and asked to breathe normally for up to 5 minutes. During some visits, patients
also performed pulmonary function tests (PFTs) and multiple breath washouts (MBWs).

CF causes difficulty breathing due to the mucus build-up in the lungs and bronchietatis, which
directly affects the EIT ventilation reconstructions instead of the perfusion reconstructions. We
can also see in the previous section that the perfusion reconstructions from CF patients and healthy
controls were similar. For this reason, only ventilation reconstructions will be shown for multiple
patient visits.

Figure 4.57 shows the 3D EIT ventilatory difference reconstructions at full inspiration with
the reference at full expiration from a male patient (patient A) aged 17 year-old while Figure
4.58 shows the reconstructions from a female patient (patient B) aged 4 year-old. Patient A was
imaged during 7 visits 12 weeks apart on average while on Cystic Fibrosis Transmembrane Con-
ductance Regulator (CFTR) modulator therapy during all visits. This patient has CF genotype
F508del /2789 + 5G&gt; A. patient B was imaged during 8 visits 10 weeks apart on average. This
patient has CF genotype F'508del/G542X and started CFTR modulator therapy in visit 4 due to
age restrictions.

We can see that the ventilation reconstructions of patient A show homogeneity for both upper
and lower lungs for all visits. On the other hand, the ventilation reconstructions of patient B show

more heterogeneity in visits 2, 5, 6, and 7 with more variations in ventilation distributions between
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visits. Moreover, Figure 4.59 shows the PFT and MBW results for each patient, and we can see
that the PTF results for the male patient are higher than for the female patient while the MBW

results are similar for both patients after visit 3.
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Figure 4.57: 3D ventilation reconstructions at full inspiration for a 17-year-old male (Patient A) with CF
genotype F'508del /2789 + 5G&gt; A, from 7 visits 12 weeks apart on average. The patient was on CFTR
modulator therapy during all visits.

3D EIT ventilation reconstructions can provide information about lung heterogeneity in ven-
tilation distribution in patients with CF. The ventilation reconstructions of the male patient are
similar to those of the healthy controls, as seen in the previous section, possibly indicating benefi-
cial effects of CFTR modulator therapy or lesser lung damage over the years. The female patient
presents more heterogeneity in the lungs and variations in ventilation distributions between visits,
which could relate to the patient’s condition during a given visit. Moreover, the PFTs for the male
patient showed higher values than for the female patient, which could indicate better lung function

as seen in the ventilation reconstructions.

106



Conductivity Image

TOP

|
'
38

min: -157.43 (mS/M) max: 73.92

(a) Visit 1.

Conductivity Image

TOP
’ @

3
AR
[ .
min: -94.3 (mS/M) max: 35.9
(e) Visit 5.

Conductivity Image

BOTTOM

e

min: -138.51 (mS/M) max: 69.4

(b) Visit 2.

Conductivity Image

TOP

BOTTOM
¥
-

min: -79.35 (mS/M) max: 44.45

() Visit 6.

Conductivity Image

T

@O

-
min: -161.32 (mS/M) max: 47.68
(¢) Visit 3.
Conductivity Image
o
S
g @
6
o
E— -
min: -130.48 (mS/M) max: 50.53
(g) Visit 7.

Conductivity Image

oP

|
S8

T

-
min: -427.75 (mS/M) max: 118.36
(d) Visit 4.
Conductivity Image
o
S
g .
6
@
[ .
min: -677.17 (mS/M) max: 142.09
(h) Visit 7.

Figure 4.58: 3D ventilation reconstructions at full inspiration for a 4-year-old female (Patient B) with CF
genotype F'508del/G542X, from 8 visits 10 weeks apart on average. From (visit 1 - visit 3), the patient
was ineligible for CRTR modulator therapy. From (visit 4 - visit 8), the patient received CRTR modulator

therapy.
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To date, this is the first longitudinal study using 3D EIT to monitor patients with CF worldwide.
This could bring new insights into managing the effects of CF on individuals receiving CFTR
modulator therapy, and for those who are ineligible for CFTR modulator therapy due to their

specific genetic mutation.

4.7 EIT Reconstructions on PVS Patients

This section shows the ventilation and pulsatile perfusion images from a subset of eight controls
aged (8, £2.5) years old and pre-cardiac intervention PVS patients aged (3.3, +-2.8) years old using
the 3D ToDLeR algorithm, and the ACTS5 System. The data were collected at Children’s Hospital
Colorado in the Cath Lab.

A total of 32 electrodes arranged in 2 rows of 16 were placed around each subject’s torso,
and 3D trigonometric current patterns with amplitude 0.35 mA and frequency of 93.750 kHz were
applied during the data collection at 27 frames/sec. The PVS patients were sedated and mechan-
ically ventilated, and the ventilation reconstructions were computed from data collected during
tidal breathing while the perfusion reconstructions were computed from data collected during an
induced breath-hold. Moreover, the same control group reconstructions and numbering from the

CF patient result section are used for comparison.

4.7.1 Comparison versus healthy subjects

Figures 4.60-4.63 show the ventilation reconstruction snapshots at full inspiration with refer-
ence frame at full expiration for the controls and PVS patients, which are displayed in numbering
order. PVS Patients 1, 3, 4, 5, and 6 show more anterior than posterior lung ventilated areas in the
conductivity images. Since the patients are laying down in supine position, dorsal lung compres-
sion may occur, which causes the ventilation to be more towards the anterior lung regions.

PVS patients 2 and 7 show poorly ventilated left lung regions, which could result from PVS

disease complications or previous lung disease such as BPD. The conductivity image from PVS
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Figure 4.60: EIT Ventilation Reconstructions on Controls 1 and 2, and PVS patients 1 and 2. (Left) Controls

(Right) PVS patients.

patient 6 show good right lower lung ventilation while the upper lung and left lower lung has

smaller opening due to ventilation.

Since the controls were sitting upright during the data collection, the ventilation distribution

in the conductivity images are more uniform throughout the lungs when compared to conductivity

images computed from data in which the subject was laying down in supine position. Moreover,

as we have seen before, the ventilation susceptivity images from PVS patients are poor when

compared to the conductivity images.
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Figure 4.61: EIT Ventilation Reconstructions on Controls 3 and 4, and PVS patients 3 and 4. (Left) Controls

(Right) PVS patients.

Conductivity Image

Susceptivity Image

TOP

BOTTOM

.
min: -114.43 (mS/M) max: 40.41 min:-7.76 (mS/M) max: 12.56

(a) Control 5.

Conductivity Image Susceptivity Image

TOP

BOTTOM

[ .
min: -214.78 (mS/M) max: 21.47 min: -13.58 (mS/M) max: 27.71

(c¢) Control 6.

Conductivity Image Susceptivity Image

TOP

l BOTTOM

]
min: -89.5 (mS/M) max: 22.17 min: -7.82 (mS/M) max: 3.71

(b) PVS patient 5.

Conductivity Image Susceptivity Image

TOP

l BOTTOM

- .
min: -49.43 (mS/M) max: 16.88 min: -3.54 (mS/M) max: 4.41

W

(d) PVS patient 6.

Figure 4.62: EIT Ventilation Reconstructions on Controls 5 and 6, and PVS patients 5 and 6. (Left) Controls

(Right) PVS patients.
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Figure 4.63: EIT Ventilation Reconstructions on Controls 7 and 8, and PVS patients 7 and 8. (Left) Controls
(Right) PVS patients.

Figures 4.64-4.67 show the perfusion reconstruction snapshots at the end of the T-wave with
reference frame at the end of the S-wave for the controls and PVS patients, which are displayed in
numbering order. In general, the conductivity images from controls show more blood distribution
homogeneity throughout the lungs when compared to the conductivity images from PVS patients.

PVS Patients 2 and 6 have small perfused areas in the left lower lung during peak of systole.
Results from patients 1, 3, 7, and 8 do not show good contrast between the lungs and heart regions,
which indicates smaller blood volume changes occurring in the lungs than in the heart. Since the
PVS disease causes one or more pulmonary veins to get narrower or be completely occluded, this
increases the pulmonary pressure but also reduces the amount of blood circulating in the lungs.

The conductivity images from PVS patients 4 and 5 show better blood distribution homogene-
ity in the lungs as well as contrast with the heart region. The perfusion susceptivity images from
the PVS patients look better when compared to their ventilation susceptivity images. In addition,

perfusion susceptivity images from the controls show better blood distribution homogeneity when
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Figure 4.64: EIT Perfusion Reconstructions on Controls 1

(Right) PVS patients.
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Figure 4.65: EIT Perfusion Reconstructions on Controls 3 and 4, and PVS patients 3 and 4. (Left) Controls
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compared to the PVS patients. However, due to the high variability between ventilation and perfu-

sion susceptivity images, further analysis and tests need to be done for better understanding of the

susceptivity images.
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Figure 4.66: EIT Perfusion Reconstructions on Controls 5 and 6, and PVS patients 5 and 6. (Left) Controls

(Right) PVS patients.

Overall, the perfusion conductivity images show regional lung changes and differences be-

tween PVS patients and controls, which could be a good indicator for blood volume changes in the

lungs in PVS patients.
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Figure 4.67: EIT Perfusion Reconstructions on Controls 7 and 8, and PVS patients 7 and 8. (Left) Controls
(Right) PVS patients.

4.7.2 Pre/Post Cardiac Intervention Reconstructions

16 patients were enrolled to be imaged with the ACT5 system pre and post catheterization to
insert a balloon stent [89]. Data were collected immediately before and after the procedure while
the patients were still being mechanically ventilated. To evaluate the results and effects of the
cardiac procedure, both ventilation and pulsatile perfusion data reconstructions were performed.

Figures 4.68-4.71 show the ventilation reconstructions pre and post cardiac intervention dis-
played on the same scale. Looking at the conductivity images of ventilation, we can see some small
changes between pre and post cardiac intervention, which would be expected since the pulmonary
veins are being intervened and it should not have a direct effect on the patient’s lung aeration. The
susceptivity images also show small changes, but these reconstructions still need more improve-
ment for better interpretation.

Figure 4.72 shows the histograms of the global and regional conductivity distribution in the

lungs for ventilation. The conductivity from each voxel for a given region was summed and then
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normalized by the global sum of conductivity values during pre cardiac procedure so that the
normalized global conductivity is always one during pre cardiac procedure. The histograms helps
identifying the relative changes between pre and post cardiac intervention. Moreover, the blue box
in the right-upper corner shows which vein was intervened, including upper left vein (UL), lower
left vein (LL), upper right vein (UR), middle right vein (MR), and lower right vein (LR).

The histograms for pre and post cardiac intervention also show small relative changes and
ventilation as seen in the ventilation reconstructions. PVS patients 3 and 8 show higher relative
changes compared to other patients with both global changes increasing after the cardiac interven-

tion. Both patients had at least 3 veins intervened.
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Figure 4.68: EIT Ventilation Reconstructions of PVS patients 1 and 2. (Left) pre and (Right) post cardiac
intervention.

115



Conductivity Image Susceptivity Image

TOP

[ce
(S0

- -
min: -71.6 (MS/M) max: 19.18 min: -5.4 (mS/M) max: 6.52

Conductivity Image

Susceptivity Image

TOP

BOTTOM

e

-
min: -71.6 (MS/M) max: 19.18 min: -5.4 (MS/M) max: 6.52

(a) PVS patient 3.

Conductivity Image Susceptivity Image

TOP

A
mE

R -
min: -64.4 (mS/M) max: 25.11 min: -11.35 (mS/M) max: 11.05

Conductivity Image Susceptivity Image

TOP

B
5%

- . - .
min: -64.4 (MS/M) max: 25.11 min: -11.35 (MS/M) max: 11.05

(b) PVS patient 4.

Figure 4.69: EIT Ventilation Reconstructions of PVS patients 3 and 4. (Left) pre and (Right) post cardiac

intervention.
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Figure 4.70: EIT Ventilation Reconstructions of PVS patients 5 and 6. (Left) pre and (Right) post cardiac

intervention.
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Figure 4.71: EIT Ventilation Reconstructions of PVS patients 7 and 8. (Left) pre and (Right) post cardiac

1ntervention.
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Figures 4.73-4.75 show the pulsatile perfusion reconstruction during pre and post cardiac in-
tervention displayed on the same scale. The pulsatile perfusion reconstructions also show small
changes between pre and post cardiac intervention as seen in the ventilation reconstructions. The
changes in the bottom reconstructions are more noticeable than in the top reconstructions, and it
could be a result of the top row of electrode placement. Moreover, the susceptivity images also
show small changes when comparing pre and post cardiac intervention.

Figure 4.77 shows the histograms of the global and regional conductivity distribution in the
lungs at peak of systole. Overall, there are small changes between pre and post cardiac interven-
tion for all patients, except for PVS patients 2 and 7. For both patients, we can see that LLL region
contributions negatively to the global volume of blood at peak of systole during post cardiac inter-
vention. This means that the blood flow in the LLL region is in phase with the heart blood flow
so that when the ventricles are filling, the blood is moving to the LLL region as well. This is the
opposite of what is expected during pulmonary perfusion where the blood volume in the lungs
decreases during diastole (ventricle filling) and increases during systole (ventricle emptying). This
could relate to the patient’s condition related to the effects of PVS in the lungs.

Figures 4.78-4.79 shows the correlation plots of all voxels with a voxel chosen manually from
the heart region in the reconstructions from pre and post cardiac intervention. These plots help
visualize which voxels are in or out of phase with the heart voxels. During pulmonary perfusion,
the voxels from lung regions should be out of phase from the heart voxels because of the blood
flow moving in and out of heart and lungs. We can see that for patients 2 and 7, there are more
regions towards the LLL that are in phase with the heart voxels. This confirms the out-of-phase
effects seen in the histograms from both patients.

Overall, the pulsatile perfusion EIT reconstructions can provide regional information about the
blood distribution in the lungs during the cardiac cycle. Moreover, changes in conductivity can be

detected in the histogram plots as well as in the correlation plots.
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Figure 4.73: EIT Perfusion Reconstructions of PVS patients 1 and 2. (Left) pre and (Right) post cardiac

intervention.
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Figure 4.74: EIT Perfusion Reconstructions of PVS patients 3 and 4. (Left) pre and (Right) post cardiac

intervention.
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Figure 4.75: EIT Perfusion Reconstructions of PVS patients 5 and 6. (Left) pre and (Right) post cardiac

intervention.
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Figure 4.76: EIT Perfusion Reconstructions of PVS patients 7 and 8. (Left) pre and (Right) post cardiac

intervention.
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Figure 4.77: Histograms of perfusion distribution for pre and post cardiac intervention.
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Figure 4.78: Correlation plots for perfusion reconstruction of PVS patients 1, 2, 3, and 4.
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Figure 4.79: Correlation plots for perfusion reconstruction of PVS patients 5, 6, 7, and 8.
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Chapter 5

Conclusion

This dissertation has introduced the design of a user-friendly clinical interface along with the
real-time implementations of NOSER and ToDLeR reconstruction algorithms for the ACT5 sys-
tem, which is a highly flexible EIT system for monitoring cardiac and lung function. Additionally,
the digital filters provide the ability to simultaneously filter and display the ECG and EIT signals,
which is novel in the field of EIT, with detailed timing information for interpreting the cardiac
portion of the EIT signal and the pulsatile perfusion reconstructions.

Both NOSER and ToDLeR algorithms were tested with EIT data collected on 2D and 3D
tanks. The NOSER and ToDLeR reconstruction from tank data showed similar results for both
conductivity and susceptivity images. Moreover, the 2D ToDLeR forward solution was able to
better estimate the conductivity of the saline solution than the NOSER forward solution when
the saline volume exceeded the electrode height. The 2D ToDLeR conductivity reconstructions
also show better spatial resolution when compared with the NOSER conductivity reconstructions
using the same human subject data sets. The susceptivity reconstructions did not provide good
reconstructions for some cases, and it is hypothesized that these may need different regularization
strategies.

The ventilation and pulsatile perfusion conductivity reconstructions show the differences in the
lung structures and function with the 3D EIT reconstructions providing more information about
the region of interest using the same number of electrodes as in the 2D EIT reconstructions. In
addition, EIT conductivity reconstructions show good agreement with radiology reports, X-ray
and CT scans, as well as differences in ventilation and pulsatile perfusion images between healthy
controls and patients.

Statistical results did not show difference between patients with ARDS prior to and on a spon-

taneous breathing test. However, this could be related to the small number of patients. On the other
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hand, GI values were significantly higher to patients with BPD when compared to healthy babies.
This shows that EIT-derived measures may provide insights to the patient’s conditions.

EIT reconstructions of longitudinal studies were performed for the CF and BPD studies. Dif-
ferences in ventilation and pulsatile perfusion reconstructions were observed in both studies in
patients with different disease progression. EIT reconstructions may provide more information
about the patient’s condition without exposure to radiation from X-ray and CT scans.

Patients with PVS were imaged pre and post catheterization. The EIT reconstructions showed
differences in lung perfusion in patients with PVS when compared to healthy subjects. In addition,
differences in the distributions of perfusion in the lungs were also noticed in the EIT reconstruc-
tions. EIT may provide more information to doctors as to when another catheterization should be

performed.

5.1 Future Work

5.1.1 Belt Development

One of the critical parts when collecting EIT data is the placement of the electrodes. Bad elec-
trode attachment can cause artifacts in reconstruction images. In addition, placing 32 electrodes
takes between 10 to 15 minutes, or even more depending on if the patient is being imaged in the
intensive care unit. A belt for the ACTS system would decrease the time for electrode placement,

and improve the electrode attachment to the patient.

5.1.2 Machine Learning Models

Machine learning has been used in EIT applications to improve EIT reconstructions. Machine
learning models can be used create a priori information from other imaging techniques such as CT
and MRI. Including machine learning strategies in the forward and inverse problem solutions may

improve static EIT reconstructions generated by iterative EIT methods.
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5.1.3 Inverse Problem Algorithms

This dissertation showed two EIT reconstruction algorithms, NOSER and ToDLeR. There are
other algorithms that can also be implemented to run in real-time such as Gauss-Newton, Kacz-
marz, and D-bar. Using different algorithms to reconstruct the ACTS5 datasets may provide more

insight about the EIT reconstructions as well as improvements to model the EIT problem.

5.1.4 NOSER and ToDLeR Mesh Modifications

NOSER and ToDLeR algorithms use the Joshua tree mesh to solve the forward and inverse
EIT problems. However, the Joshua tree mesh has been used to discretize circular and cylindrical
domains. Although it has been shown as a good approximation to reconstruct datasets collected on
human subjects, the EIT inverse problem is more ill-posed when reconstructing data from human
subjects using circular and cylindrical domains. Modifying the NOSER and ToDLeR algorithms

to use meshes created from a human chest shape may provide better images.

5.1.5 ECG inverse problem

The ACTS system can measure ECG simultaneously while collecting EIT data. The ECG
collected on all electrodes can be used to solve the ECG inverse problem. This can provide infor-
mation about where the heart is located, which can be used to improve EIT image segmentation.
Better EIT segmentation can lead to more consistent EIT-derived measure computations because

segmenting the lung regions is a challenge in EIT.

5.2 Contributions

List of contributions during the doctoral research:

* Optimized the reconstruction algorithms to run in real-time.

* Implemented the conformal map technique for chest-shaped reconstruction display when

using the NOSER and ToDLeR algorithms.

* Developed the clinical user interface for the ACTS5 system that runs on Windows and macOS.
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Implemented the digital filters to separate the ECG and EIT signals.

Provided training and assistance to the teams at the University of Colorado Anschutz Medical

Campus and Children’s Hospital Colorado.

Provided maintenance to the ACTS5 system and GE GENESIS system.

Participated in the data collection on premature babies and PVS patients for almost all visits.
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Appendix A

Computing the A matrix parameters for the ToDLeR

algorithm

The AF1#2 definition is

Np Ngp
AR = NN PR F 201 (FO + FO )]+
np=1 TLFZIA
Np Np Ng
Z Z Z [FR191 F Z15FO15 + FR129F Z15(FO19 + FOg)|+
np=1 m‘le n},:O
Np Np Ng

Z Z Z [FR131F Z13FO13 + FR130F Z13(FO13 + FOg3)]+

n‘lempzlnFZO
Nr Nr Np Np

>3 > Y [FRuFZ1uFOu + FR1usF Z13F Oy + FRyF Z3FO,]

mp=1np=0 m};:l n‘FZO

where
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)dr
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¢ 3 13 n _1
FRyss(Tp,mp, mp,np) = nFnF/ By (
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FRy39 = F3122(7’n; Ngp, Mg, nF)
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