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Abstract

Electrical impedance tomography (EIT) is a promising bedside imaging modality
for monitoring of lung ventilation. The information provided by EIT is rather complex
and sometimes difficult to interpret.  Therefore, several methods were developed
for evaluation of EIT data. This work has three main objectives. Firstly, to compare
the already published methods that describe regional distribution of lung ventilation.
Secondly, to analyse different methods for calculation of Center of ventilation (CoV')
and to evaluate the effects of image segmentation upon its values. The third aim
is to investigate whether the setting of ventilatory parameters can affect the values of EIT-
derived regional time constants (7). Based on the requirements for a specific ventilatory
manoeuvre, the published methods were divided into two groups and their prerequisites
were compared. The algorithms for calculation of both CoV and 7 were implemented
and the EIT data obtained during animal trials were evaluated. The results show that
there are statistically significant differences between the values provided by different
algorithms for calculation of CoV. It has been shown that the setting of ventilatory
parameters significantly affects the values of 7. Thus, to ensure interindividual

comparability of these methods, a certain level of standardization is necessary.
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time constants, mechanical ventilation



Abstrakt

Elektrickd impedanéni tomografie (EIT) je neinvazivni zobrazovaci technika pro moni-
torovani plicni ventilace. Informace, které EIT poskytuje, jsou pomérné komplexni
a obcas i1 obtizné interpretovatelné. Proto bylo vyvinuto mnoho ruznych metod
pro vyhodnocovani EIT dat. Tato prace ma tii zakladni cile. Prvnim cilem je porovnat
publikované metody, které popisuji regiondlni distribuci plicni ventilace.  Druhym
cilem je porovnat algoritmy pro vypocet Centra ventilace (CoV') a vySetfit, jakym
zpusobem jsou jimi ziskané hodnoty ovliviovany segmentaci obrazu. Ttetim cilem
je pak zjistit vliv ventila¢nich parametru na metodu regionalnich ¢asovych konstant (7).
Publikované metody byly podle pozadavki na nastaveni ventilatoru rozdéleny do dvou
skupin a byly porovnany jejich vstupni predpoklady. Byly implementovany algoritmy
pro vypocet C'oV a 7, pomoci nichz byla vyhodnocena data ziskana v prubéhu animalnich
experimentu. Vysledky ukazuji, ze existuji statisticky vyznamné rozdily mezi hodnotami
vypocitanymi na zakladé ruznych metod pro vypocet CoV. Zaroven bylo prokazano,
ze nastaveni ventilacnich parametri muze statisticky vyznamné ovlivnit hodnoty 7.
Pro zajisténi porovnatelnosti vysledku mezi jedinci tak bude zfejmé nutnd jejich casteéna

standardizace.

Klicova slova

Elektricka impedanc¢ni tomografie, EIT, segmentace obrazu, centrum ventilace, regionalni

casové konstanty, uméla plicni ventilace
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Abbreviations

aBEIT
ARDS
AU
COPD
CU
EIT
fEIT
FFM
IM

1Y
LAE
PV
RFCh
ROI
RVD
TV

absolute electrical impedance tomography
acute respiratory distress syndrome
arbitrary units

chronic obstructive pulmonary disease
Charles University

electrical impedance tomography
functional electrical impedance tomography
First Faculty of Medicine

intramuscular

intravenous

lung area estimation

pressure-volume (curve)

regional filling characteristics

region of interest

regional ventilation delay

tidal variation

sensitivity matrix

center of gravity

center of ventilation

compliance of the respiratory system
pixel compliance

central venous pressure

change of relative impedance
normalized change of relative impedance
energy distribution of the ¢-th pixel
frequency

heart frequency

10



Fi0O, fraction of inspired oxygen

fs sampling frequency

8dat vector of input voltages

gn vector of normalized voltages

Sref vector of reference voltages

GI global inhomogeneity index

H i cumulated hyperdistension

H, relative alveolar hyperdistension

1D inner diameter

IE inspiration-to-expiration ratio

k linear regression coefficient

PaCO, partial pressure of carbon dioxide in arterial blood
pH measure of acidity or alkalinity of a substance
PEEP positive end-expiratory pressure

Pplateau plateau pressure

R resistance of the respiratory system

R? coefficient of determination

Rewmul cumulated collapse

RE; ratio of energy distributions for the i-th pixel
R, relative alveolar collapse

RCP regional closing pressure

ROP regional opening pressure

RR respiratory rate

SD standard deviation

t time

th threshold value of LAE algorithm

TV, tidal variation value of the pixel with coordinates x, y
T regional time constant

Tglobal global time constant

Vr tidal volume

X vector of relative impedance values
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Remarks to the used symbols and units

This work adopts the nomenclature that is commonly used in international medical
journals. Therefore, a non-SI pressure unit “millimeter of mercury” (mmHg) is used
for central venous pressure (C'V P) and for the partial pressure of carbon dioxide in arterial
blood (PaCOy;). Similarly, a unit “centimeter of water” (cmH0) is used for positive end-
expiratory pressure (PEEP).

In order to avoid the risk of confusion between the lower-case letter “1” and the numeral

“1” (one), capital letter “L” is used a symbol for liter.
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Chapter 1

Introduction

In the last two decades, electrical impedance tomography (EIT) made a huge progress from
an experimental technology to imaging modality for clinical use. It is a safe, radiation-
free method that allows a long-term bedside monitoring of patients, mainly at intensive
care units. Many clinical studies have shown that EIT could offer a considerable
alternative to conventional imaging modalities, especially in monitoring of lung ventilation
and perfusion |1, 2].

The experimental use of EIT in monitoring of lung functions soon revealed several
areas where EIT provides valuable clinical information. Probably the most intensively
studied topic is the optimization of mechanical ventilation by means of EIT, especially
titration of positive end-expiratory pressure (PEEP) [3, 4, 5]. Encouraging findings
were also presented in estimation of regional lung parameters [6, 7| and in quantification
of pulmonary edema [8]. In neonatology, promising results were achieved in assessment
of maturational changes in lungs [9, 10] and in evaluation of the effect of body positioning
upon ventilation distribution [11]. New insights brought by EIT are also expected
in monitoring of cardiac output [12] and in assessment of pulmonary embolism [2, 13].

It is believed that EIT will probably cause a revolution in mechanical ventilation
[14]. Some authors even refer to it as to the “Holy Grail” of ventilation and perfusion
monitoring [15, 16]. However, there is still no gold standard in processing the information
provided by EIT. Thus, development of new approaches for evaluation of EIT is still

relevant and engages many researchers from around the world.

13



1.1 Principles of EIT

Dielectric properties of biological tissues are dependent on the tissue composition
and on the frequency of the applied electric current. The concentration of electrolytes
in intracellular and extracellular fluids, the presence of lipids, cell size or the amount
of water are the most influential attributes affecting the tissue impedance [17].
In lung tissue, the dielectric properties are also influenced by the amount of air
in alveoli. With increasing air content, the structures of lung parenchyma are stretched,
decreasing their thickness while increasing the length of the pathways for electric
current at the same time [18 19]. As a result, electrical impedance of lung tissue
increases. When bioimpedance measurements are performed using alternating current
of several different frequencies, electrical conductivity of body tissues can be determined

and the particular tissues and their state can be distinguished, as shown in Fig. 1.1.

Fat
Muscle

Wet skin
Dry skin

Conductivity (S/m)

Lungs - exp.
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Blood
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Figure 1.1: The dependency of tissue conductivity upon the frequency of applied alternating current

for selected tissues. Modified from [20].

The fundamental idea of EIT is to determine the spatial distribution of conductivity
inside an inhomogeneous volume conductor. For this purpose, array of electrodes attached
to the surface of the conductor is used. Electric current is applied consecutively through
selected electrode pairs and the resulting voltages are measured by the remaining pairs.
From the patterns for the electric current application and voltage measurements that
were developed [21], the method called “Neighboring” is probably the most widely

used one and is implemented in available clinical devices. In Fig. 1.2 its principle
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is depicted at a cylindrical volume conductor with 16 electrodes. Alternating current
is applied using two neighboring electrodes and 13 resulting voltages are measured between
the remaining 14 electrodes. Consequently, the next set of 13 voltages is obtained, using
the adjacent pair of electrodes. This pattern is repeated for all 16 electrode pairs used
as a current source, resulting in 13 x 16 = 208 voltage values that are used for image

reconstruction.

isopotential line

current flow line

Figure 1.2: Neighboring method illustrated at a cylindrical volume conductor with 16 electrodes

equidistantly attached to its surface in one cross-sectional plane. Modified from [20].

The image reconstruction problem of EIT is relatively difficult. In an inhomogeneous
volume conductor, electric current spreads along non-linear streamlines and its path
can not be easily assumed. This makes the reconstruction problem severely ill-posed,
which means that to find the distribution of conductivity, a system of equations in which
each measurement is related to each voxel must be solved [22]. Moreover, from 208 voltages
that are obtained in the Neighboring method with 16 electrodes, more than
1000 image elements need to be reconstructed. Therefore, the equation system is also
underdetermined and finding the solution is even more complicated.

Historically, there are two approaches in reconstruction of EIT images. The older
one, referred to as “absolute EIT” (aEIT), calculates the regional distribution of tissue
conductivity or resistivity within the selected tomographic plane. However, detailed
knowledge about the size and shape of the patient’s chest is required for the reconstruction
algorithm [16, 23]. As obtaining of such information in clinical use can be both

troublesome and time-consuming, a concept of “functional EIT” (fEIT) was developed.

15



In this approach, the vector of input voltage data gq.; is normalized using a reference set

of measurements g, resulting in a vector of normalized voltages g, [24]:

— gdat - gref. (11>
Sref

n

The main advantage of fEIT is that the reconstruction algorithm does not require
any knowledge about the geometry of the patient’s chest. However, the price paid
is the loss of absolute impedance information. In consequence, only relative impedance
changes expressed in arbitrary units (AU) remain visible [16].

For the purposes of this work, EIT system PulmoVista 500 (Drager Medical, Liibeck,
Germany) was used for data acquisition. It is the first commercially available EIT
device dedicated for clinical praxis and adopts the principles of fEIT. Bioimpedance
measurements are performed using 16 electrodes embedded in a silicone belt that is placed
around the patient’s chest between the 4" and 6" intercostal space [17]. The application
of electric current and subsequent voltage measurements are performed according
to the Neighboring method. The frequency of the alternating current is selected
from the range 80 kHz — 130 kHz, reaching the maximum amplitude of 9 mA.

Finite element method based Newton-Rhapson algorithm is wused for image
reconstruction in PulmoVista 500. The tomographic plane is divided into 340 triangular
elements, considering homogeneous and isotropic biological properties for each element
[17]. The values of relative impedance are calculated by multiplication of the normalized

voltages g, with a sensitivity matrix B:
X = Bg,., (1.2)

where X is a vector of relative impedance values assigned to the triangular elements.
The implementation of the algorithm into the form of matrix multiplication allows
minimization of computing time. Thus, real-time imaging with relatively high temporal
resolution is possible. In PulmoVista 500, the image acquisition rate is 50 Hz.

When the distribution of relative impedance within the tomographic plane
is calculated, the triangular elements are co-registered into rectangular ones. The artefacts
close to the boundary are suppressed and Gaussian filter is applied to smooth
the image [17]. This process is depicted in Fig. 1.3. The resulting images provided
by PulmoVista 500 have a spatial resolution of 32 x 32 pixels and are visualized using

a color scale.
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Figure 1.3: Transformation of triangular mesh into EIT image. Left: the values of relative impedance
are assigned to triangular elements. Middle: triangular mesh is co-registered into rectangular elements
and the artefacts that are close to the boundary are damped. Right: a Gaussian filter is used to smooth

the image. Adopted from [17].

Due to the relatively high frame rate, fEIT systems are capable to provide time
courses of relative impedance which are obtained as a sum of pixel values in time.
When all the pixels from the EIT image are used (summed up), the time course is referred

” hence the sum of pixels from a defined region

to as “global impedance waveform,
is referred to as “local impedance waveform.” An example of global impedance waveform
of one breath cycle is depicted in Fig. 1.4.

To visualize the distribution of tidal volume in lungs, Tidal Variation (TV)
images are often used. In fEIT, the term “Tidal Variation” refers to the difference
between end-inspiratory and end-expiratory point on the impedance waveform, expressed
in AU [16]. Thus, TV image is obtained as a difference between end-inspiratory image
(the image that corresponds with the local maximum on the global impedance waveform)
and the previous end-expiratory image (the image that corresponds with the local

minimum). In the example presented in Fig. 1.4 the TV image would be calculated

as a difference between the images a and d.

1.2 Current issues in EIT data evaluation

When compared to conventional imaging modalities, EIT images are rather blurred
and suffer from low spatial resolution. Therefore, the information provided by EIT
may be sometimes difficult to interpret [26]. To improve the assessment of regional
lung ventilation, several methods were developed for evaluation of EIT data [27].
Due to relatively high acquisition rates of EIT systems, the image processing algorithms

used in these methods are able to consider also the dynamic behaviour of impedance

17
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Figure 1.4: Global impedance waveform of one single breath. Positions a-h correspond with the respective

Relative Impedance (AU)

L

EIT images. The image d visualizes regional distribution of lung ventilation at the end of inspiratory

phase, hence the images a and h represent the end of expiratory phase. Adopted from [25].

changes. As a result, regional values of the parameters that describe the overall state
of the lungs can be estimated [6, 28].

Although there are many promising methods that were presented, none of them
became a gold standard. Moreover, sometimes there are even inconsistencies in their use
that lead to confusion [29]. For example, the algorithms for calculation of an EIT-derived
index Center of ventilation are often used for obtaining of a very similar index called
Center of gravity.

The methods for evaluation of EIT data still undergo rapid development [27].
This can be illustrated in the example of regional time constants that are derived
from the fitting of impedance waveforms by exponential functions. This approach
was originally used for evaluation of the data obtained during a special ventilation
manoeuvre [30, 31]. However, recent feasibility study has shown that it is also possible
to use this method on breath-by-breath basis. [32]. Nevertheless, there is an assumption
that the values of regional time constants that are determined according to this study

study can be affected by the setting of ventilatory parameters.
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1.3 Objectives of the work

There are three main objectives of this work. Firstly, to investigate and compare
the methods for EIT data evaluation with a particular focus on the approaches that
are used for assessment of regional distribution of lung ventilation. Secondly, to compare
different methods for calculation of Center of ventilation and to evaluate the effects
of image segmentation upon its values. The third aim of this work is to investigate whether
the setting of ventilatory parameters can affect the values of EIT-derived regional time

constants.
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Chapter 2

Methods of EIT data evaluation

The approaches for evaluation of lung ventilation can be basically divided into two
groups. The methods from the first group can be used on breath-by-breath basis
and does not require any change of ventilator setting. On the other hand, the second group
contains methods in which a specific ventilation maneuver is necessary and some of them
even combine EIT data with information provided by ventilator. This chapter offers

an overview of commonly used and the most promising methods.

2.1 Breath-by-breath methods

2.1.1 Regions of interest

Analysis of local distribution of lung ventilation by means of regions of interest (ROI)
is probably one of the oldest methods that have been used in EIT. The image is segmented
into several coherent ROIs and for each region a proportion of impedance changes
is calculated as a percentage. Similarly, local impedance waveform can be obtained
for each ROI. The ROIs determined as simple geometrical objects are referred
to as “arbitrary” (see Fig. 2.1) while the ROIs that are defined on the basis of pixel
values are referred to as “functional” [33]. Determination of functional ROIs can be
understood as lung segmentation and is further described in chapter 3. Sometimes, both

functional and arbitrary ROIs can be combined, as shown in Fig. 2.1.
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Figure 2.1: Arrangement of arbitrary regions of interest (ROIs) as horizontal layers (left) and combination

of both functional and arbitrary ROIs (right). Adopted from [34] and [35].

2.1.2 Row and column sums

Segmentation of EIT images into several arbitrary ROIs may be too coarse when more
precise assessment of regional ventilation is necessary. Calculation of row and column
sums is able to circumvent this problem, because each row and column in the image
is considered as a ROI. Using normalized relative impedance, this approach allows inter-
individual comparisons by means of error bars, as shown in Fig. 2.2. However, individual
body constitution and chest geometry should be taken into account in evaluation of data

obtained in different subjects.

4th intercostal space Row of average images
1 1 1
8 > 8
>
16 > 16 8
>
24 > 24
32 32
1 8 16 24 32 -10 0 10 16
vVVYYVYY Tidal variation (%)
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g 24
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2 -15 -10 -5 0 5 10 15
-10

" c o
1 8 16 24 32 Tidal variation (%)

Figure 2.2: Row and columns sums obtained from tidal variation image (left) and comparison of two

regional ventilation distributions using error bars (right). Adopted from [36].

21



2.1.3 Difference images

Two images depicting regional distribution of lung ventilation can be directly compared
by means of difference images. In this approach, the images are subtracted pixel by pixel
and the differences are color-coded, allowing visual assessment of ventilation differences,
as shown in Fig. 2.3. This method is beneficial especially in evaluation of changes
in regional lung ventilation induced by optimization of ventilatory setting or in monitoring
of the effects of patient positioning [17].

When images from different individuals are used, the method has similar limitations
as row and column sums. Firstly, the magnitudes of relative impedance changes
are incomparable between different subjects [17]. Thus, the pixel values expressed
in arbitrary units should be normalized and only impedance changes that correspond
with comparable physiological processes can be evaluated. Secondly, regional distribution
of lung ventilation is substantially influenced by body constitution of each individual.
Thus, only subjects with similar anatomy can be compared by means of difference images.

1 1

1

ROI 1 ROI'1

0.8
8 8 0.6
0.4
0.2

16 16 0
0.2
24 24 0.4
-0.6
-0.8

32 32 -1

1 8 16 24 32 1 8 16 24 32

Figure 2.3: Example of difference images with highlighted regions of interest. Pixel values are color-coded

using a special color scale. Adopted from [36].

2.1.4 Center of ventilation

In the approaches described above, the distribution of relative impedance within
the tomographic plane is expressed by several numbers (ROIs), by bar graph
(row and column sums) or visualized in images. However, especially in guiding
of mechanical ventilation, it is desirable to describe the changes in regional lung ventilation

as a single number.
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Center of ventilation (CoV) was introduced in 1998 as index for quantification
of ventral-to-dorsal changes of ventilation distribution [37]. Although the definitions
of CoV differ among authors, it is mostly calculated as a “geometrical center”
of ventilatory induced impedance changes [38] or as a weighted mean of row sums obtained
from the TV image [39]. It can be obtained separately for each lung [40, 38] as well
as for both lungs together [39]. The position of C'oV is usually expressed as a percentage
of the chest diameter, as shown in Fig. 2.4.

Center of gravity (CoG) is an EIT-derived index that is very similar to CoV. However,
CoG is often obtained along both vertical and horizontal axis [41]. Thus, it is not
a plane but a point with given coordinates. Ventral-to-dorsal shifts in regional ventilation
can be also described by Impedance ratio, defined as a ratio between impedance changes

in the ventral and the dorsal half of EIT image [42].
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Figure 2.4: Determination of Center of Ventilation (CoV'). Tidal variation image (A) is segmented using
a circular mask (B) that splits the image vertically in two equal halves, each having 32 regions of interest
(ROIs). Row sums are obtained for each half (C') and are expressed as a percentage of the total sum (D).

CoV is calculated as a weighted mean of the row sums (£) and plotted in time (F'). Adopted from [38].

2.1.5 Silent Spaces

To analyze distribution of ventilation in TV images, several approaches were developed
in Swisstom EIT devices [43]. The images are segmented using two arbitrary lung-
shaped ROIs. Based on the pixel values in these ROIs, image histogram is obtained
and subsequently weighted by the number of pixels in each category, as shown in Fig. 2.5.
The pixels from the lowest histogram category correspond with poorly ventilated areas
and are called as “Silent Spaces”. C'oV is obtained and a line called “ventilation horizon”
passing through the CoV perpendicularly to the gravity vector is constructed. Silent

Spaces located below the ventilation horizon are then considered as collapsed lung regions
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while the Silent Spaces above the ventilation horizon are considered as overdistended,
as shown in Fig. 2.6. This approach allows optimization of ventilatory setting based
on minimization of insufficiently ventilated lung areas.

% relative volume

0,2 0,3 0, 05 0,6 0,7 0,8 0,9 1,0

relative stretch

Figure 2.5: Weighted image histogram. The tidal variation image is segmented using two arbitrary lung-
shaped regions of interest (left). Subsequently, image histogram is obtained and weighted by the number
of pixels in each category (right). The pixels from the lowest category are depicted as dark gray. Adopted
from [43].

Figure 2.6: Silent Spaces. Center of ventilation is calculated from the tidal variation image (left)
and the pixels from the lowest weighted histogram category are considered as “Silent Spaces” (left).
Ventilation horizon, the line perpendicular to the gravity vector that passes through the CoV, divides
the Silent Spaces into dependent and non-dependent ones (right). Adopted from [43].

2.1.6 Global inhomogeneity index

Another approach to characterize distribution of lung ventilation by a single number
is Global inhomogeneity (GI) index [44]. TV image is segmented using functional ROI
and GI is calculated according to the formula [44]:

> |Dlyy — median (D)

z,y € lungs
’
>, DIy

z,y € lungs

GI = (2.1)
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where DI, is the differential impedance value of the TV image with coordinates z,y
and DIy represents values of all pixels contained in the ROI.

It has been shown that GI is a useful tool for optimization of PEEP, as shown
in Fig. 2.7 [3]. However, several methodical aspects have to be considered when using this
index. Although G allows comparisons between different individuals [3, 44, 45], its values
are strongly affected by the threshold used for ROI determination [44]. Thus, only GTI
values obtained in TV images that were segmented using the same method and threshold
criterion can be directly compared. From the clinical point of view, a certain degree
of ventilation heterogeneity may be considered as physiological. Therefore, it is rather
questionable whether GI should be used as an optimization criterion for mechanical

ventilation of healthy lungs [46].
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Figure 2.7: Global inhomogeneity (GI) index. When increasing changes in PEFEP are performed (left),
minimum value of GI indicates the best PEEP setting (middle), corresponding with the maximum

dynamic compliance (right). Modified from [3].

2.1.7 Regional intratidal gas distribution

Regional intratidal gas distribution is an approach that wuses inspiratory phase
of the breath cycle [47]. The inspiration is divided into several intervals of equal
volume and for each interval an EIT image representing the volume change is obtained.
Consequently, the images are divided into ROIs and a proportion of relative impedance
change expressed as percentage is obtained for each ROI and image, as shown in Fig. 2.8.
This method provides patterns that represent regional ventilation distribution in each
phase of the inspiratory phase. On their basis, dynamics of regional ventilation

can be assessed [47].
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Figure 2.8: Regional intratidal gas distribution. Regions of interest (ROIs) were determined as horizontal
layers (top left), identified as ventral (V), mid-ventral (MV), mid-dorsal (MD) and dorsal (D).
The inspiratory phase was divided into eight iso-volume parts (right). Consequently, proportion of relative
impedance changes expressed as percentage is plotted for each part and ROI (bottom left). Adopted
from [47].

2.1.8 Regional filling characteristics

An approach called Regional filling characteristics (RFCh) describes similar phenomena
as regional intratidal gas distribution. EIT data from inspiratory phase of breath
cycle are used and for each pixel, its impedance waveform is plotted against the global
impedance waveform. Polynomial function of the second degree is fitted to the data
and the value of quadratic coefficient is assigned to each pixel, as shown in Fig. 2.9 [48].
Image rows in which the mean value of quadratic coefficient is positive and higher than

a certain threshold at the same time (the polynomial has a convex shape) are considered
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as overinflated, while the rows in which the mean value of quadratic coefficient is negative
and below a certain threshold (the fitted polynomial function is concave) are considered

as recruitable [40].
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Figure 2.9: Determination of regional filling characteristics. Regional impedance waveforms of two pixels
are plotted against the global impedance waveform and quadratic coefficients are determined (A4). Mean
values of quadratic coefficient are obtained for each image row and the values below the threshold
(—0.2) are considered as hyperinflated, while the values higher than 0.2 are considered as recruitable

(B). Adopted from [40].

2.1.9 Regional time constants

Regional time constants method is another approach for visualization of regional dynamics
of lung aeration. This method is based on fitting of impedance waveforms by exponential
functions and subsequent evaluation of acquired time constants. Generally, we can divide
the currently published methods in two types, based on the ventilatory setting during
EIT data acquisition.

There are studies, where exponential [30] or bi-exponential [31] functions were fitted
to local impedance waveforms obtained during stepwise increase of airway pressure in both
conventional [31] and high-frequency oscillatory ventilation [30]. This kind of analysis
allows assessment of surfactant treatment [30] and is capable to identify differences
between healthy patients and the patients with acute respiratory distress syndrome
(ARDS), as shown in Fig. 2.10 [31].

Another approach does not require any special ventilation maneuver and allow analysis
on breath-by-breath basis. Subjects are mechanically ventilated and regional impedance

waveforms depicting expiratory phase of breath cycle are fitted by exponential curves,
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yielding time constants that are consequently visualized as color-coded maps [28, 32, 49].
Promising results were presented in recent feasibility studies, showing that different lung

pathologies can be distinguished by regional time constants [32, 50].
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Figure 2.10: Regional time constants obtained during stepwise increase of airway pressure (left) allow
identification of differences between normal lungs and the lungs with acute respiratory distress syndrome
ARDS. Determination on the breath-by-breath basis yields in visualization of color-coded maps of time
constants (middle and right). Subsequently, lung pathologies like chronic obstructive pulmonary disease

(COPD) can be distinguished. Adopted from [31] and [32].

An overview of prerequisites for the breath-by-breath EIT methods described in this

section is presented in Tab. 2.1.
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Table 2.1: Overview of frequently used breath-by-breath methods for EIT data evaluation. The prerequisites that are necessary for the method are marked with e,
for optional prerequisites is the symbol stated in round brackets. When arbitrary and functional region of interest (ROI) are stated at the same time, the method

can be used with both image segmentation approaches.

Method TV image Whole breath c.ycle Imfige segmenta’?ion
Inspiratory Expiratory Arbitrary Functional
phase phase ROI ROI

Arbitrary ROIs [33] o — —
Functional ROIs [33] o — —
Row and column sums [36] o (o) (o)
Difference images [36] . (o) (o)
Center of ventilation [40, 38| . (o) (o)
Center of gravity [41] . (o) (o)
Impedance ratio [42] . o

Silent spaces [43] . .

Global inhomogeneity index [44] . °
Regional intratidal gas distribution [47] ° °

Regional filling characteristics [48, 40] ° .

Regional time constants [28, 32] o .




2.2 Methods requiring ventilation maneuver

2.2.1 Regional ventilation delay

Similarly to regional time constants, local ventilation dynamics can be assessed by regional
ventilation delay (RVD). It requires EIT data acquired during slow inflation maneuver
[51, 52] or during a step increase of airway pressure in a duration of 1 min [53].
Local impedance waveforms are obtained for each ROI or pixel and the delay between
the beginning of the lung inflation and the time when relative impedance reaches
a certain threshold is determined, as shown in Fig. 2.11. RVD values may be further
visualized as color-coded maps, as shown in Fig. 2.12. This allows assessment of temporal
inhomogeneity of tidal ventilation [52] and subsequent evaluation of recruitment maneuver

efficiency [51].
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Figure 2.11: Calculaton of regional ventilation delay demonstrated on impedance waveforms of three
selected pixels (left). The time before the start of inflation and the point where the impedance waveform
reaches a certain threshold is determined (middle) and subsequently visualized as a color-coded map

(right). Adopted from [52].

2.2.2 Regional opening and closing pressure

An interesting combination of EIT and ventilatory data was presented in methods
for determination of regional opening pressure (ROP) and regional closing pressure
(RCP) [54]. EIT data and continuously measured pressure values are obtained during
a low flow inflation and deflation pressure-volume maneuver. Subsequently, functional
ROI is obtained and for each pixel within the ROI the impedance waveform is smoothed

by fitting to a fourth order polynomial. ROP is determined as a pressure that corresponds
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Figure 2.12: Comparison of regional ventilation delay maps obtained in healthy animal (top row)
and in the animal with artificially induced lung injury (bottom row). PEEP was set in a range

from 0 to 25 cmH50 with a step of 5 cmHoO (from left to right). Adopted from [52].

with the time at which the relative impedance in the inflation phase reaches 10%
of the maximum of impedance waveform. The value of RC'P is determined analogously
in the deflation phase, as depicted in Fig. 2.13. It has been shown that the values of ROP
are significantly higher in patients with acute lung injury when compared to patients

with healthy lungs [54]. Both ROP and RCP can be visualized as color-coded maps.
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Figure 2.13: Determination of regional opening pressure (ROP) and regional closing pressure (RCP),
demonstrated at two selected pixels (marked as a square and a circle). ROP is determined as a pressure
value that corresponds with a time point in the inflation phase in which the impedance waveform
reaches 10% of the maximum (marked as an unfilled square and circle). RCP is determined analogously

in the deflation phase of the maneuver (marked as a filled square and circle). Adopted from [54].
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2.2.3 Regional pressure-volume curves

As a good agreement has been found between tidal volume and the corresponding changes
of relative impedance [1, 55], several studies has shown that reconstruction of regional
pressure-volume (PV) curves is feasible by means of EIT [56, 57]. For this purpose, EIT
data should be acquired during an inflation-deflation maneuver [57]. When incremental
and subsequent decremental changes in PEEP are performed and regional PV curves

are obtained at each level, optimal PEEP setting can be found as shown in Fig. 2.14 [56].
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Figure 2.14: Regional pressure-volume curves determined for three regions of interest during stepwise
changes of PEEP. Light gray, dark gray and black curves correspond with ventral (V), medial (M)
and dorsal (D) regions of interest. Optimal setting of PEEP was determined as 5 cmH0O. Adopted
from [56].

2.2.4 Regional compliance

Similarly to regional PV curves, regional dynamic compliance can be obtained by means
of EIT. The main prerequisite for its computation is an EIT dataset acquired
during mechanical ventilation in pressure-controlled mode. For each pixel, compliance

can be calculated as follows [6]:

AZ

2.2
lateau — PEEP’ ( )

Cp:P

p
where C), is a pixel compliance and AZ is the change of relative impedance
that corresponds with a difference between the plateau pressure Ppjatean and PEEP.
This approach allows individual optimization of PEEP during PEFEP titration.
Obtaining the C, for each PEEP value, the setting for which the most of the pixels

have the “best” (highest) compliance can be identified, as shown in Fig. 2.15 [6].
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Figure 2.15: Identification of the optimal setting of PEFEP by means of EIT-derived regional compliance.
In two selected pixels (left), regional compliance was obtained for each PEEP value (middle).
While the pixel A reaches the “best” (highest) compliance at PEEP of 10 cmH,O, the pixel B
has the highest compliance for the PEEP of 16 cmHsO (right). Therefore, this setting is considered
as optimal. Adopted from [6].

Based on the regional compliance, regional alveolar collapse can be estimated for each

pixel as [6]:
(Cpmax — Cp) - 100

Cp,max

R, = , (2.3)

where R, is a relative collapse of the pixel expressed as a percentage, Cp max is the highest
compliance value of the particular pixel determined during the PEEP titration and C,
is the current pixel compliance. When estimating the overall alveolar collapse for the entire
lung, cumulated collapse R.umu can be obtained according to the formula [6]:

Np

> (Rp - Cpmax) - 100

p=1

Rcumul = (24)

NP

Z C, ,max

p=1
Analogously to the definition of regional collapse, alveolar hyperdistension

can be estimated as:
(Cpmax — Cp) - 100

Cp,max

H =

p

, (2.5)

where H, is a relative alveolar hyperdistension expressed as a percentage. However, only
the C, values obtained at the PEEP level that is higher than the level of C), ax are used.
Cumulated hyperdistension H.yn,, can be defined analogously to cumulated collapse:

Np

> (Hp - Cpmax) - 100

p=1

chmul = (26)

NP
>~ Cpmax
p=1
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For assessment of regional distribution of collapsed and hyperdistended lung regions,

the values of R, and H, can be visualized as color-coded maps as shown in Fig. 2.16.

EIT - hyperdistension CT EIT - collapse

PEEP 23
Hyperd.: 29%
Collapse: 1%

PEEP 7
Hyperd.: 0%
Collapse: 41%

Figure 2.16: Visualization of hyperdistended (left column) and collapsed (right column) lung regions
for two different PEEP settings in a patient with pneumonia. For comparison, corresponding CT images

are presented in the middle column. Adopted from [6].

An overview of prerequisites for the EIT methods that require specific ventilation

maneuver is presented in Tab. 2.2.
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Table 2.2: Overview of frequently used methods for EIT data evaluation that require ventilation maneuver. The prerequisites that are necessary for the method
are marked with e, for optional prerequisites is the symbol stated in round brackets. When arbitrary and functional region of interest (ROI) are stated at the same

time, the method can be used with both image segmentation approaches.

Method Ventilation maneuver Ventilator data Image segmentation
erho Slow inflation PEEP Continuous One param. Arbitrary Functional
deflation steps data for each ROI ROI
maneuver breath
Regional ventilation ° ° °
delay [51, 52, 53]
Regional time

constants [30, 31] . o o
Regional opening

and closing pressures [54] o o o
Regional pressure-

-volume curves [56, 57] o (o) o o
Regional compliance [6] o . o
Estimation of recruitable

alveolar collapse [6] . . o

Estimation of
alveolar hypertension [6] o . o




Chapter 3

Pre-processing of fEIT data and lung

segmentation

The methods described in the previous chapter require a certain degree of data pre-
processing.  That includes selection of the reference set of voltage measurements
for reconstruction of fEIT images and their subsequent segmentation. The first
section of this chapter describes how the reference frame can be determined
and what are the consequences of its selection with a focus on the implementation used
in PulmoVista 500. The section dedicated to image segmentation deals with determination

of functional ROI that can be also understood as lung segmentation.

3.1 Selection of the reference frame

As was mentioned in the section 1.1, a vector of reference measurements g,.; is necessary
for reconstruction of fEIT images. This vector is frequently determined by choosing
a particular set of reference voltages, referred to as “reference frame” or “baseline
frame”, or by calculation of average voltage values over a certain time period [16].
In PulmoVista 500, the baseline frame is determined as a frame that represents the end
of expiration of the last detected breath [17]. When the acquired data are analysed
in Dréager EIT Data Analysis Tool (Driager Medical, Liibeck, Germany), the baseline frame
is automatically chosen as an end-expiratory frame that corresponds with the lowest value
on the global impedance waveform [58]. However, manual setting of the baseline frame

still remains possible.
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Selection of the baseline frame has consequences that should be considered. Firstly,
when a long-term fEIT monitoring is performed and the whole record is divided
into several files, a common baseline frame should be used for reconstruction of the record.

Otherwise, discontinuities in the impedance waveforms may occur, as shown in Fig. 3.1.
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Figure 3.1: The effect of baseline setting in long-term EIT measurements. Left: a common baseline frame
(the position is marked as “[B]”) was used for the reconstruction of several parts of one measurements.

Right: each part of the measurement was reconstructed using its own baseline file.

Figure 3.1 shows that the point on the impedance waveform that represents
the baseline frame has a zero value. This comes from the equation 1.1, where
the vector of normalized voltages g, is equal to zero vector in the case of baseline frame.
As a consequence, the resulting fEIT image has all the pixel values equal to zero, yielding
a zero point on the global impedance waveform.

Determination of the baseline frame may also affect visualization of fEIT images.
Since the point representing the baseline frame always has a zero value, deliberate selection
of the reference frame to the point that does not correspond with global minimum results
in existence of negative values on the impedance waveform. The images represented
by these points have negative pixel values and when visualized, different colors are assigned
to these pixels. This may lead to rather difficult assessment of regional distribution of lung

ventilation, as shown in Fig. 3.2.

3.2 Lung segmentation

Rought estimation of lung area is a necessary prerequisite for several methods that
were described in chapter 2. The segmentation approaches are mainly based on the fact
that the bioimpedance changes induced by ventilation activity are much greater
than the impedance changes caused by any other physiological process in the thorax.

Therefore, the pixels that represent lungs have relatively large variation of relative
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Figure 3.2: The effect of the baseline setting upon visualization of fEIT images. The data
were reconstructed using the baseline frame (the position is marked as “[B]”) that represents global
minimum of the impedance waveform (left) and that was deliberately selected as a point that does not
correspond with global minimum (right). Although visualized differently, the fEIT images depict the same

distributions of lung ventilation.

impedance values in time when compared to cardiac-related or thoracic regions [17].

3.2.1 Segmentation based on standard deviation

The identification of lung boundaries based on standard deviation (SD) of pixel values
in time was introduced in 1995 [59] and is probably one of the most intuitive methods
for lung segmentation. For each pixel, SD is calculated using the relative impedance
waveform of the pixel, resulting in a map of SD values. The pixels with SD higher
than a certain threshold are then considered as lung regions. The most widely accepted
edge criteria are determined as 20%-35% of maximum SD [33]. The effect of thresholding
upon determination of lung area in TV images is depicted in Fig. 3.3.

Although the impedance changes caused by ventilation are normally about 10 times
greater than the cardiac-related impedance changes [17], this segmentation approach
in many cases can not distinguish the pixels that represent lung regions from the cardiac-
related pixels, especially when lower segmentation thresholds are used. This phenomena

is demonstrated in the images in Fig. 3.3.

3.2.2 Segmentation based on linear regression coefficient

Another approach for determination of functional ROIs was introduced in 1997 [60]
and is based on the values of linear regression coefficient (k). For each pixel, & is calculated

using the relative impedance waveform as a dependent variable and the global impedance
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Figure 3.3: Determination of lung area in a tidal variation (TV) image based on pixel SD.
The edge criterion used for the segmentation were determined as a percentage of maximum SD value.
In this particular subject (mechanically ventilated healthy pig), the threshold values in a range 15% —25%
of maximum SD does not allow to distinguish cardiac-related pixels from the pixels that represent lung

regions.

waveform as an independent variable [33]. Lung regions are then identified as pixels
with values of k larger than a certain threshold. The threshold criteria are usually
determined similarly to the S D-based approach, as 20%-35% of maximum k. An example
of segmentation of TV image with differently applied thresholds is demonstrated
in Fig. 3.4.

This method is considered as more suitable for lung segmentation than the S D-based
method, because there is a linear relationship between the local and global impedance
data in the ventilated lung regions [33]. As a consequence, the cardiac related pixels

are eliminated more successfully as presented in Fig. 3.4.

15% 20% 25% 30% 35% 40%

Figure 3.4: Determination of lung area in a tidal variation (TV) image based on linear regression
coefficient (k). The edge criterion used for segmentation were determined as a percentage of maximum k.
When compared with the corresponding regions of interest from the Fig. 3.3, the cardiac-related pixels
(located in ventral part of the image) are excluded more successfully. The most pronounced differences

can be observed for the thresholds 25% and 30%.

For the purposes of this work, the method based on linear regression coefficient
was enhanced by computation of coefficient of determination (R?). For each image point,
both pixel impedance waveform and global impedance waveform were normalized, and R?
was calculated. Subsequently, the values of R? were thresholded, resulting in a mask.

The functional ROI determined on the basis of k£ was then multiplied with that mask
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pixel by pixel, yielding in the final ROI. The whole process is schematically depicted
in Fig. 3.6.

The local impedance changes of pixels that represent cardiac activity have a poor
correlation (low values of R?) with global impedance changes that are predominantly
caused by lung ventilation. Therefore, adding the criterion of R? improves to exclude
cardiac-related pixels from the functional ROI, even when the magnitude of their
impedance changes is relatively high. The effect of threshold criterion of R? upon

the segmentation of TV image is demonstrated in Fig. 3.5.

0.65 0.70 0.75 0.80 0.85 0.90

Figure 3.5: Different threshold criteria for coefficient of determination (R?) in segmentation
of tidal variation image. The number of excluded pixels associated with cardiac activity increases

with the threshold value. The threshold for linear regression coeflicient (k) was set to 20% of maximum k.

3.2.3 Lung Area Estimation algorithm

The segmentation methods described above are able to determine only ventilated
lung areas. However, in case of lung atelectasis, pneumothorax or lung cancer
there are no changes of air content in the impaired lung regions that would cause
bioimpedance changes. To overcome this problem and further improve determination
of lungs in fEIT images, Lung Area Estimation (LAE) algorithm was introduced
in 2009 [61].

The method is based on the approach of linear regression coefficient, but uses
further data processing. Functional ROI is determined using the threshold criterion
of 20% of maximum k. The lung area is mirrored from left to right and is combined
with the original ROI by a logical OR operation [62]. This process results in a functional
ROI that is symmetrical along vertical axis.

Since heart rate has a different frequency than spontaneous or conventional mechanical
ventilation, the pixels that represent cardiac activity can be identified using analysis

in frequency domain, as shown in Fig. 3.7.
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Figure 3.6: Determination of lung area based on linear regression coefficient (k) and on coefficient of determination (R?). For each pixel, k is calculated
using the pixel impedance waveform as a dependent variable and the global impedance waveform as an independent variable. Using a given threshold criterion
(in this example 20% of the maximum k), a mask is obtained. This mask is the same as the region of interest (ROI) that is provided by the original k-based
method for image segmentation. Normalizing both the pixel impedance waveform and the global impedance waveform, R? is obtained for each pixel. The values

of R? are then thresholded, yielding in a mask. The final ROI is obtained as an intersection of both masks.
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Figure 3.7: Relative impedance waveform and corresponding energy spectrum of cardiac-related pixel

(top) and of the pixel that belongs into ventilated lung area (bottom).

For each pixel, energy distribution FE;(f) of the relative impedance waveform
is obtained and the pixel is considered as cardiac related if

0.8f,
>, Ei(f)
f=0
fs/2

> Ei(f)

0.8f%

< th, (3.1)

where f stands for the frequency, f, for heart frequency, f, for sampling frequency,

i is the pixel index and th is an individually determined threshold [62]. Let Rg; be a ratio:

0.8fn

> Ei(f)
f=0

2

> Ei(f)

0.8/,

Rg,; (3.2)

and Rpi.n a vector of all Rg, sorted in ascending order. The values in the vector
are filtered using five-point moving average window and the threshold th is determined
as the first Rg,; value in Rpi.n that satisfies Rg;1 — Rg; < 0.0014,7 € (1,N).
The difference Rp;11 — Rp,; should not be above 0.004 for i € (1,40), otherwise
this value is considered as a noise and ignored [62]. Determination of the threshold
value is demonstrated in Fig. 3.1.

LAE method is probably the most sophisticated algorithm for fEIT image
segmentation that has been published so far. Mirroring of the lung area allows assessment
of non-ventilated lung regions that occur only in one lung. This can be beneficial,

especially in evaluation of ventilation homogeneity [44, 62]. However, when injured lung
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regions are situated symmetrically in both lungs, the LAE method may not be able
to discover these regions [62].

Identification of cardiac-related pixels based on frequency analysis can be rather precise
when individually set threshold is used. Nevertheless, determination of the threshold value
in LAE algorithm is not optimal for all subjects and may lead to exclusion of ventilated
lung regions, as demonstrated in Fig. 3.9. Therefore, the issue of finding the universal
method for separation of respiratory and cardiac-related areas still remains unresolved

and will be essential for further use of this method [62].

Lung related pixels
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Figure 3.8: Determination of the threshold for cardiac-related pixels in lung area estimation algorithm.
The ratios Rp,; are sorted in ascending order (left), five-point moving average filter is applied and
approximate derivative of Rg,; is obtained (right). A first pixel index 7 that satisfies the condition
Rgit1 — Rg; < 0.0014 is determined (¢ = 54) and the corresponding Rpg,; value is considered

as a threshold (th = 0.7213).
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Figure 3.9: Comparison of lung regions determined in two subjects (healthy pigs). From left to right:
color-coded image of tidal variation without any lung segmentation; identification of the lung area using
the method based on linear regression coefficient (k) with threshold set to 20% of maximum k; lung
area estimation (LAE) algorithm with the threshold criterion Rg;+1 — Rg,; < 0.0014; LAE method
with the threshold defined as Rg,y1 — Rg,; < 0.01. The original setting of the threshold in LAE
may cause exclusion of dorsal parts of ventilated lung regions (bottom row, the second image from right).
When the threshold criterion is modified and the lung area is estimated properly in this subject (bottom
row, right) the same setting leads to reduction of cardiac related region in another subject (top row,

right).
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Chapter 4

Implementation part

The implementation part of this work consists of two studies that were performed
to investigate practical aspects of use for the methods described in the chapter 2.
The first study compares the methods for calculation of Center of ventilation and evaluates
the influence of image segmentation upon its values. The second study investigates

how the setting of ventilatory parameters affects the values of regional time constants.

4.1 Comparison of methods for calculation of Center
of ventilation

As was already mentioned in the section 2.1.4, Center of ventilation (CoV') describes
shifts in regional lung ventilation in ventral-to-dorsal direction. It has a high potential
in clinical use and was therefore adopted by many research groups [63, 64]. Nevertheless,
the definitions of CoV are not consistent among authors. In several studies, CoV
is defined as a weighted mean of the row sums [39, 45, 63, 64] but there are also
studies where it is obtained as “the point where the sum of fractional ventilation
is 50% of the summed fractional ventilation” [40]. Moreover, in one study published
in 2014, it is defined as a ratio between the dorsal and total fractional ventilation [4].
Some authors even refer to C'oV but they obtain it along both vertical and horizontal
axis [43] which is equivalent to the approach of Center of gravity (CoG) index [41].
Unfortunately, different definitions of ColV/ are not the only inconsistency
in its use. Segmentation of EIT images from which the CoV is calculated also varies.

Initially, circular mask was applied to the EIT image and the resulting area was divided
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into several regions of interest (ROI) [40, 38]. However, some authors use functional
segmentation of the images based on linear regression coefficient [45] or on pixel SD
[64]. Finally, there are studies where CoV was calculated without any previous image
segmentation [39].

As there are different definitions of C'oV published, used together with various
image segmentations applied, it can be assumed that the resulting CoV values
and thus the evaluation of regional lung ventilation may differ.

The aim of this study is to compare the values of C'oV that were obtained by different

methods of computation, applied in variously segmented images.

4.1.1 Methods

The study protocol was approved by the Institutional Review Board of the First Faculty
of Medicine, Charles University in Prague (FFM CU) and is in accordance with Act
No. 246/1992 Coll., on the protection of animals against cruelty. The measurements
were performed at the accredited animal laboratory of the FFM CU. Four crossbred

Landrace female pigs (Sus scrofa domestica) with a body weight of 48 4+ 2 kg were used.

Anesthesia and preparation

The animals were premedicated with azaperone (2 mg/kg IM). Anesthesia was initiated
with ketamine hydrochloride (20 mg/kg IM) and atropine sulphate (0.02 mg/kg IM),
followed by boluses of morphine (0.1 mg/kg IV) and propofol (2 mg/kg IV).
A cuffed endotracheal tube (ID 7.5 mm) was used for intubation.  Anesthesia
was maintained with propofol (8 to 10 mg/kg/h IV) in combination with morphine
(0.1 mg/kg/h IV) and heparin (40 U/kg/h IV). To suppress spontaneous breathing,
myorelaxant pipecuronium bromide (4 mg boluses every 45 min) was administered
during mechanical lung ventilation. Initially, rapid infusion of 1 000 mL of saline
was administered intravenously, followed by a continuous IV administration of 250 mL/h
to reach and maintain central venous pressure of 6 to 7 mmHg.

Mixed venous blood oxygen saturation and continuous cardiac output were measured
by Vigilance (Edwards Lifesciences, Irvine, CA, USA) monitor. Arterial blood gases,
i.e. arterial partial pressure of oxygen (PaQ,), carbon dioxide (PaCOs) and pH,

were continuously measured by CDI 500 (Terumo, Tokyo, Japan). The arterio-venous
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extracorporeal circuit for CDI 500 monitor was established between the femoral artery
and the femoral vein using a mechanical blood pump (peristaltic roller pump with a blood
flow set to 400 mL/min).

In one animal, repeated whole lung lavage (normal saline, 30—40 mL/kg, 37°C)

was performed to induce the surfactant deficiency similar to ARDS [40].

Ventilation

Conventional ventilator Hamilton G5 (Hamilton Medical AG, Bonaduz, Switzerland)
was used in the CMV mode with the following setting: respiratory rate 18 min™, fraction
of inspired oxygen (FiO; 21%), inspiration-to-expiration ratio (I:£) 1:2 with initial
PEEP 5 cmH50 and pressure limit set to 40 cmHO. The initial Vi was set to 8.5 mL /kg
of the actual body weight and was titrated to reach normocapnia (PaCOy 40 + 3 mmHg).
During the study protocol four increasing PEEP steps of 5 cmH,O were performed
in animals with healthy lungs and three increasing PEFE P steps of 4 cmH,O with initial
value of 10 cmH50O were performed in the ARDS model. Each PEE P level was maintained

at least for 3 minutes.

EIT measurements

EIT system PulmoVista 500 was used for data acquisition. The electrode belt (size S)
was attached to the chest of the animal at the level of the 6" intercostal space.
The frequency of the applied current was set to 110 kHz with amplitude of 9 mA.
EIT images were recorded continuously with a frame rate of 50 Hz during the entire

PEFEP maneuver.

Data Processing

The acquired data were pre-processed in Driger EIT Data Analysis Tool 6.1. Baseline
frame was set automatically for each animal as a frame that corresponds with the global
minimum of impedance waveform. Reconstructed data were processed in MATLAB 2014b
(MathWorks, Natick, MA, USA).

At each PEEP level, data from 30 consecutive breaths were used for analysis.
The breaths were selected in the phases where the values of end-expiratory lung impedance

were the most stable. TV images were calculated as a difference between end-inspiratory
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Figure 4.1: Computation of Center of ventilation (CoV') and Center of gravity (CoG). Tidal variation
(TV) images were segmented and functional region of interest was defined. Row sums were obtained
from the segmented TV image. C'oV was calculated as a coordinate that divides the row sums in two equal

halves. CoG was calculated as a weighted mean of the row sums.

and end-expiratory EIT images. In total, 30 TV images were obtained for each PEEP
level.

Functional ROI was defined, based on SD of individual pixel values in time,
as described in section 3.2.1. Six threshold levels ranging from 15% to 40% of maximum
pixel SD with 5% step were used for image segmentation. For each set of 30 TV images,
a common ROI was applied. The C'oG index was defined as a weighted mean of row sums
obtained from TV image [41]:

1 e oy TV
N+1 Zivzl 25:1 TVay
where N stands for both the number of pixel rows and pixel columns in the TV image

(N = 32 for EIT images provided by PulmoVista 500) and 7'V,, stands for the value

CoG =

, (4.1)

of the pixel with coordinates x,y.
For the purposes of this study, C'oV was defined as a vertical coordinate that divides
the sum of fractional ventilation in two equal halves [40] (Fig. 4.1). The implementation

of the algorithm for calculation of CoV can be summarized as follows:

1. Normalize the pixel values in the TV image:
TV,
5o g TVay

where T'V,}, expresses the value of the original pixel T'V,, as a percentage of the total

100, (4.2)

TV}, =

sum of the TV image.
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2. Calculate row sums of the normalized TV image and save them into the array r.

3. Find the highest index n € N for which holds:

Z?:l r; < 50. (4.3)
4. Calculate the ratio p:
50 — 7-17 r;
p= —Z’*I ) (4.4)
Tn
5. Calculate the value of CoV:
n+p+0.5

CoV=—r——. 4.5
© N+1 (45)

For calculation of both CoV and CoG, a coordinate system with the top left pixel
represented by coordinates x = 1, y = 1 was used. In the following text the abbreviations
“CoV” and “CoG” refer to the indices described above and the unabbreviated term
“Center of ventilation” represents the index in general.

Paired two-tailed t-test was used for evaluation of statistical differences between C'ol/
and C'oGG. The values of both indices obtained at different PEE P levels were visualized

as a box plot.

4.1.2 Results

EIT data from 4 animals were studied. —The highest PEFEP step was omitted
in two subjects due to their hemodynamic instability. In total 510 TV images
were analyzed.

In general, the values of CoV were significantly higher (p<0.05) than
the corresponding values of C'oGG in all subjects. As shown in Tab. 4.1, there were four
cases where the difference between CoV and CoG was not statistically significant
and three cases where the mean value of C'oG was higher than the corresponding mean
value of CoV'.

Box plots were created for each animal to visualize the effect of image segmentation
upon values of both C'oV and C'oGG. Figure 4.2 shows typical values of these indices during
incremental PEE P steps. Both C'oV and C'oG move dorsally when a higher PEE P level
is applied. When calculated from segmented TV images, variation in values of both indices

decreases with higher threshold.
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Table 4.1: The differences CoV—CoG (mean + SD). Statistically insignificant differences (paired t-test, p > 0.05) are marked as *. The cases where the mean

value of CoG is higher than the value of CoV are marked as T. Repeated whole lung lavage was performed in pig 4.

0¢

. PEEP level Threshold (% of max. SD)

Pl (cmH,O0) 15 20 25 30 35 40

1 > 0.290 £ 0.049 0.315+£0.043 0.361£0.045 0.392+£0.053 0.509 £ 0.047 0.509 £ 0.040
10 0.477+0.089  0.434£0.046 0.38740.028 0.383 £0.057 0.308 £0.048 0.308 +=0.043
15 0.348 £0.112 0.193 £ 0.058 0.166 £0.012 0.191 £0.027 0.090 £ 0.027 0.090 £ 0.027
20 0.507£0.333 0.034£0.179* 0.062£0.054 0.098 £0.036 0.047£0.036 0.047£0.031
25 1.131+£0.434 0.539+0.374 0.088 £0.243* 0.066 = 0.093 0.057 £0.051 0.057 40.049

2 D 0.770 £0.122 0.823 +£0.112 0.908 £0.110 0.845+0.101 0.719 £ 0.091 0.719 £ 0.086
10 1.158 £0.063 1.174+0.054 0.97240.050 0.635£0.056 0.513 £0.055 0.5134+0.044
15 0.851£0.056 0.314 £0.023 0.186 £0.026 0.138 £0.025 0.080 £0.021 0.080£0.019
20 0.507£0.017 0.093 £0.026 0.026 £0.028  —0.00140.030™ —0.039 £0.029" —0.0394-0.0331

3 D 0.193 £0.122 0.186 £0.121 0.181 +0.118 0.186 £0.117 0.052 £0.122 0.052 +£0.110%
10 0.498 £0.098 0.448 £0.098 0.407£0.103 0.355+0.105 0.221 £0.107 0.221£0.102
15 0.647+0.106  0.532£0.063 0.358 +=0.050 0.320 £0.055 0.198 £ 0.057 0.198 +0.059
20 0.460 £ 0.233 0.307£0.159 0.246 £0.067 0.240 £0.040 0.146 £ 0.041 0.146 £ 0.036

4 10 0.304 £ 0.206 0.351 +£0.199 0.234+0.129 0.166 £0.078 0.106 £ 0.081 0.106 £ 0.084
14 0.528 £0.255 0.497+0.231 0.385£0.176 0.341+£0.138 0.264 £0.127 0.264+£0.113
18 1.116 £0.474 1.088 £0.479 0.930 £ 0.448 0.730 £ 0.392 0.449+0.312 0.449 £ 0.237
22 1.338£0.376 1.197 £ 0.387 1.051 £0.380 0.742+£0.324 0.311 4+0.220 0.311£0.134
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Figure 4.2: Values of Center of ventilation (red) and Center of gravity (green) calculated from EIT
images that were segmented using thresholds in the range of 15% — 40% of maximum pixel standard
deviation (SD). The data obtained at four different PEEP levels are presented as box-and-whisker plot

(minimum — lower quartile — median — upper quartile — maximum).

The effect of image segmentation upon the values of C'oV and CoG is rather small
when the indices are calculated from mean TV image, as illustrated in Fig. 4.3 and 4.4.
The influence of PEFE P upon both indices is much higher when compared to the changes

caused by application of different image segmentation thresholds.

4.1.3 Discussion

The results of this study show, that in general, there is a statistically significant
difference between the values obtained using different methods for calculation of Center
of ventilation. Both presented algorithms for its calculation show relatively low sensitivity
to lung segmentation.

Although statistically significant, the differences between the values of CoV and CoG
presented in this study are mostly at the edge of clinical relevance or even negligible.
However, as shown in Fig. 4.5, there might be considerable differences in some subjects.

When functional ROI is applied to the TV image, the variation in values of both
CoV and CoG and the difference between their mean values decrease with an increasing
threshold level of lung segmentation. This is mainly due to the fact that the pixels
with low change of relative impedance in time represent poorly ventilated lung regions

or tissues that does not participate in ventilation at all. When these pixels are excluded
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CoV:51.7% CoV:51.9% CoV:52.1% CoV:52.3% CoV: 52.5% CoV:52.5%
CoG: 51.1% CoG: 51.3% CoG: 51.8% CoG: 52.0% CoG: 52.3% CoG: 52.3%

CoV: 48.9% CoV: 48.9% CoV:49.1% CoV:49.4% CoV:49.5% CoV:49.8%
CoG: 48.1% CoG: 48.2% CoG: 48.7% CoG: 49.1% CoG: 49.2% CoG: 49.7%

Figure 4.3: The effect of thresholding upon mean tidal variation (TV) images. The threshold criteria
were set in the range from 15% to 40% in 5% steps (from left to right). The position of Center of ventilation
(CoV') and Center of gravity (CoG) is depicted with red solid line and green dashed line, respectively.
The top row depicts the mean TV image obtained in healthy animal with PEEP set to 15 cmH5O.
The bottom row shows the mean TV image of the animal with induced acute respiratory distress
syndrome, using a PEEP of 14 cmH50. Each of the images was obtained as a mean of 30 consecutive

TV images.

from the ROI, only the lung regions that substantially contribute to ventilation are used
for the calculation. In a consequence, this may result in cases where C'oV and C'oGG switch
their positions when a high segmentation threshold is applied, as shown in Tab. 4.1.
Similarly, the mean difference between CoV and CoG values substantially decreases
when large insufficiently ventilated lung regions are omitted from the calculation
due to the use of high segmentation threshold, as shown in the values of the ARDS
model in Tab. 4.1.

Contrary to the effect of lung segmentation, when incremental PEEP steps
are performed, the lung area that is predominantly ventilated moves dorsally. Therefore,
the changes of both C'oV and C'oG values caused by PEFE P setting are more pronounced.

For the purposes of this study the values of both C'oV and CoG were presented
as a percentage as this is probably the most common way [38, 39, 64]. However,
the expression as a value from the interval (1, N), where N stands for the number
of an image row is also possible and correct [41].

To enable the comparison of two different approaches for calculation of Center

of ventilation, the published algorithms were modified to provide the value of 50%
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CoV:47.2% CoV:49.3% CoV:52.3% CoV:53.9%
CoG: 46.4% CoG: 48.1% CoG: 52.0% CoG: 53.8%

CoV:46.9% CoV: 50.5% CoV: 52.6% CoV: 54.0%
CoG: 46.1% CoG: 50.0% CoG: 52.5% CoG: 54.1%

Figure 4.4: The effect of PEEP and lung segmentation upon mean tidal variation (TV) images.
Distribution of ventilation at four PEEP levels (5 to 20 cmH>O with a step of 5 cmH»0O, from left
to right). Top row: the threshold level set to 20% of maximum SD, bottom row: the threshold
level set to 35% of maximum SD. The position of Center of ventilation (CoV') and Center of gravity
(Co@) is depicted with red solid line and green dashed line, respectively. The pixel values of the image

were obtained as a mean of 30 consecutive TV images.

for a homogeneous image and also for images that are symmetrical along vertical axis.
Both algorithms are also shift invariant for the structures with vertical symmetry (top row
of Fig. 4.5). Therefore, the biggest differences between C'oV and C'oG occur for the images
with a substantial horizontal asymmetry as shown in the bottom row of Fig. 4.5.

The abbreviation “C'oV” was used for the method presented by van Heerde et al. [40]
as it is in our opinion closer to the original idea of geometrical center of ventilation [37, 38].
The methods for calculation of this index presented in [39, 45, 63, 64] are closer to the idea
of Center of gravity index [41]. Therefore, abbreviation “C'oG” was used for this method.
The method presented by Blankman et al. [4] was not evaluated in this study.

Segmentation of TV images based on S D values of individual pixels is one of the most
common approaches used for definition of functional ROI [33]. For this method,
there is a recommended range of threshold values from 20% to 35% of maximum pixel
SD. The threshold values ranging from 15% to 40% were used to assess also the effect
of ROIs that are produced by setting of the threshold criteria outside the recommended

range.
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Figure 4.5: The position of Center of ventilation (CoV) and Center of gravity (CoG) for the image
structures that are symmetrical (top row) and asymmetrical (bottom row) along vertical axis. For each
image, the left bar graph represents the distribution of momentum (weighted means) along vertical axis
and the right bar graph shows the row sums in the normalized tidal variation (TV) image. The right
bottom image is an example of TV image obtained in a spontaneously breathing healthy volunteer.

The position of CoV and CoG is depicted with red solid line and green dashed line, respectively.

4.2 Regional time constants

Monitoring of regional lung aeration dynamics is probably one of the most promising areas
for clinical use of EIT. It has been shown that EIT-derived regional time constants ()
determined during spirometry may provide clinically valuable information in assessment
of therapy effects [28]. Similarly, recently published feasibility studies [32, 50] suggested
that 7 obtained on breath-by-breath basis in mechanically ventilated patients can be used
to distinguish lung pathologies such as acute respiratory distress syndrome (ARDS)
or chronic obstructive pulmonary disease (COPD).

While obtaining of 7 during spirometry requires fEIT data recorded during defined
ventilation manoeuvre (forced expiration performed in Tiffeneau test), ventilatory
parameters are set individually for each patient. Therefore, there is an assumption
that the values of 7 determined during mechanical ventilation may be influenced
by the setting of ventilatory parameters.

The aim of this study is to investigate whether the setting of ventilatory parameters

can affect the values of EIT-derived regional time constants.
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4.2.1 Methods

The study protocol was approved by the Institutional Review Board of FFM CU
and is in accordance with Act No. 246/1992 Coll., on the protection of animals against
cruelty. The measurements were performed at an accredited animal laboratory. Three
crossbred Landrace female pigs (Sus scrofa domestica) with a body weight of 47 4+ 2 kg

were used.

Anaesthesia and preparation

The animals were premedicated with azaperone (2 mg/kg IM), followed by anesthesia
with ketamine hydrochloride (20 mg/kg IM) and atropine sulphate (0.02 mg/kg IM).
When placed on the operating table, initial boluses of morphine (0.1 mg/kg IV)
and propofol (2 mg/kg IV) were administered. A cuffed endotracheal tube (ID 7.5 mm)
was used for intubation. Anesthesia was maintained with propofol (8 to 10 mg/kg/h IV)
in combination with heparin (40 U/kg/h IV) and morphine (0.1 mg/kg/h IV).
Myorelaxant pipecuronium bromide (4 mg boluses every 45 min) was administered during
mechanical lung ventilation to suppress spontaneous breathing. Initial rapid infusion
of 1000 mL of normal saline was administered intravenously, followed by a continuous IV
drip of 250 mL/h to reach and maintain central venous pressure of 6 to 7 mmHg,.

Heart rate, arterial blood pressure, central venous pressure, body temperature
and ECG were monitored using MU-631 RK (Nihon Kohden, Tokyo, Japan) patient
monitor.  Continuous cardiac output and mixed venous blood oxygen saturation
were measured by Vigilance monitor. Arterial blood gases, i.e. PaOy, PaCOy and pH,
were measured continuously by CDI 500. The arterio-venous extracorporeal circuit
for CDI 500 monitor was established between the femoral artery and the femoral vein

using peristaltic roller pump with a blood flow set to 400 mL/min.

Ventilation

Conventional ventilator Engstrom (Datex-Ohmeda, GE Healthcare, Finland) was used
in the VCV mode with the following initial setting: RR 18 min™?, FiO, 21%, I:E 1:2,
PEEP 5 cmH,0 and pressure limit set to 40 cmH,0. Vi was set to 8.5 mL /kg of the actual

body weight and was titrated to reach normocapnia (PaCOy 40 + 3 mmHg).
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Study protocol

After animal preparation, myorelaxation and instrumentation, calibration of the EIT
system was performed. A steady phase of 30 minutes was introduced. The study
protocol consisted of three phases separated by stabilization periods. In each phase,
several different settings of the selected ventilatory parameter were used while keeping
the values of remaining ventilatory parameters unchanged. Each setting was kept at least
for 2 minutes. The stabilization periods lasted from 3 to 4 minutes. In the first phase,
the values of Vi were set in a range from 6 to 12 mL/kg with a step of 2 mL/kg.
In the second phase, six different values of RR were used, ranging from 12 to 22 breaths
per minute with a step of 2. Changes of I:E were performed in the third phase,
setting the values of the parameter to 1:1, 1:1.5, 1:2, 1:2.5 and 1:3. The study protocol
is summarized in Fig. 4.6.

In the ARDS subject, different setting of ventilatory parameters was used to prevent
severe hypercapnia and hypoxemia. PEFEP was set to 15 cmH;O during the whole
protocol. In the first phase, RR was set to 30 min™ and the highest value of V (12 mL/kg)
was omitted. In the second phase, RR was set to 30, 35, 40, 45 and 50 min™* with Vp
of 8 mL/kg. The third phase was performed with RR set to 30 min™! and Vit of 8 mL/kg.

Time

Steady phase Phase anges o Stabilization Phase anges of RR Stabilization Phase anges o
Vr (mL/kg) 8 6 8 10 12 8 10 10 10 10 10 10 8 10 10 10 10 10
RR (min™") 20 20 20 20 20 20 12 14 16 18 20 22 20 20 20 20 20 20
LE () 1:2 1:2 1:2 1:2 1:2 1:2 1:2 1:2 1:2 1:2 1:2 1:2 1:2 11 | 1:115) 1:2 | 1:225] 1:3

Figure 4.6: Study design and the settings of ventilatory parameters during the protocol. For each phase,
the changes in parameter setting are highlighted by light gray background of the parameter value. Vpr—

tidal volume; RR—respiratory rate; I: E—inspiratory-to-expiratory time ratio.

Data analysis and statistics

The acquired EIT data were pre-processed using Dréager EIT Data Analysis Tool 6.1.
Baseline frames were set automatically for each animal as frames that correspond
with global minima of impedance waveforms. Reconstructed data were processed
in MATLAB 2014b. For each ventilatory setting, a data set representing 20 consecutive
breaths was created and used for analysis.

Functional region of interest (ROI) was determined in each data set, using the modified
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approach of linear regression coefficient, as described in section 3.2.2. The threshold level
was set as 20% of the maximum value. Determination of the ROI is schematically depicted
in Fig. 3.6.

The obtained functional ROI was applied to each data set. For each pixel
inside the ROI, impedance waveform was segmented in time domain, resulting
in 20 separated breath cycles from which one mean breath cycle was calculated.
An expiratory phase was determined in the mean breath cycle and the part with the values
higher than 75% of the mean breath amplitude was cropped [32]. The resulting part

of the expiratory phase was normalized and fitted with an exponential curve:
AZnorrn =e 7, (46)

where AZ,,.m is normalized relative impedance, ¢ is time and 7 is a time constant.
Only the values of 7 that resulted from a curve fitting with R% > 0.6 were analyzed [32].
The whole procedure of obtaining the time constants is depicted in Fig. 4.7.

For each ventilatory setting the values of 7 were visualized as color-coded maps
and as a box-and-whisker-plot.  To allow pairwise comparisons within each pig,
only the pixels with nonzero 7 for all ventilatory settings were used for statistical
analysis. The Shapiro-Wilk test was used to confirm the normality of evaluated data.
The differences between the values of 7 were assessed by repeated measures ANOVA.

A value of p<0.05 was considered as statistically significant. The statistical analysis

was performed with STATISTICA (StatSoft, Inc., Tulsa, OK, USA).

4.2.2 Results

EIT data from 3 animals were analyzed according to the study protocol. In one healthy
animal the values of RR were set to 12, 15, 18, 20, 22 and 24 min™ in the second phase
of the protocol to investigate greater range of settings. In total, 44 data sets were analyzed.

In general, the values of 7 differed significantly in each phase of the protocol as shown
in Fig. 4.8. There were only three cases where the changes in 7 were statistically
insignificant with p > 0.05 and one case with p > 0.01. The box plots in Fig. 4.8
show that Vi has an increasing effect upon values of 7 while the effect of RR is exactly

the opposite.

o7



8¢

Impedance waveform of a selected pixel

9
5 6
<
3
s 0
20 breath M‘\‘A'/ti'tfl“%'l"“ Segmentation 0 1 2 3 4 5 6738 39 40
cycles in spatial domain Time (s)
expiratory phase
—_
9 9 - =) 17 Map of time
7\ 0,
- 25% < 075l constants
S 6 S 6/ y ©
< < 2 o
> 3 — J 759% — 3 05
<3 SN S 025
= E
0 0 § ol .
0 0.5 1 2 0 0.5 1 1.5 2 0 02040608 1 1.2
Time (s) Time (s) Time (s)
Calculation of the mean breath cycle Determnation of the segment Curve fitting

for curve fitting
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Similarly, the values of 7 are higher when the value of I:E is increased on the side
of expiratory time. In the ARDS animal, 7 was significantly lower as shown in Fig. 4.8

and in the color-coded maps presented in Fig. 4.9 and 4.10.
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Figure 4.9: Color-coded maps of time constants obtained during the second phase of the study protocol.

Top row: changes of respiratory rate (RR) in healthy animal—PEEP 5 cmH,0, tidal volume (V)
10 mL/kg, I : E 1:2. Bottom row: animal with induced acute respiratory distress syndrome—PEFEP
15 cmH0, V¢ 8 mL/kg, I E 1:2.
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Figure 4.10: Color-coded maps of time constants obtained during the third phase of the study protocol.
Top row: changes of inspiratory-to-expiratory ratio (I : E) in healthy animal—PEEP 5 cmH50, Vt
10 mL/kg, RR 20 min*. Bottom row: animal with induced acute respiratory distress syndrome—PEEP
15 cmH,0, Vr 8 mL/kg, RR 30 min™!.

4.2.3 Discussion

The main result of this study is that values of regional EIT-derived time constants

are affected by setting of ventilatory parameters. Statistically significant changes
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of 7 were observed for different settings of Vi, RR and I[:F in healthy animals
as well as in the animal with artificially induced ARDS.

The values of 7 obtained in healthy animals are comparable with the values presented
in recently published study [32]. However, more pronounced decrease of 7 was observed
in the ARDS animal. This was probably caused by relatively high values of RR during
the whole study protocol. Because the results show that RR has a decreasing effect upon 7,
it is rather difficult to distinguish how much the values of 7 are affected by the ventilatory
setting and what is the effect of the lung injury itself.

The EIT-derived regional time constant 7 can be considered as a regional analogy
of the global time constant Tgepa. Using a mathematical model of respiratory system,

Talobal CaN be obtained as a product:
Tglobal = RC; (47)

where R is a resistance of the respiratory system and C' is its compliance [28]. In lungs
with ARDS, C is reduced, resulting in lower Tyoba. Contrary to this, obstructive
diseases cause an increase of R that leads to higher 7goba. Therefore, lung pathologies
such as ARDS and COPD can be distinguished using 7. Similarly, the mathematical model
of respiratory system can be used to describe how the setting of ventilatory parameters
affects the mechanical impedance of the lungs [65].

Despite the observed dependency of 7 upon ventilatory settings, we do not reject
the idea that different lung pathologies could be distinguished by assessment of regional
dynamics of lung aeration as determined by EIT. However, the results indicate
that a defined ventilatory maneuver or ventilatory setting is necessary to obtain
comparable values for different subjects.

The are numerous outliers above the box plots depicted in Fig. 4.8, especially
in the graph of the ARDS animal. Analysis of the maps of time constants presented
in Fig. 4.9 and 4.10 showed that the corresponding pixels are predominantly located
at the ventral edge of the ROI. Therefore, the high values of 7 in these pixels are probably
caused by the presence of cardiac-related artifacts in the impedance waveforms.

Although the original idea of regional time constants considered calculation of 7
on a breath-to-breath basis, we decided to use mean breath cycles for our calculations.
The main advantage of this approach is that averaging attenuates the artifacts

in the impedance waveforms that are related to cardiac activity and lung perfusion.
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A modified approach for calculation of ROI was used in this study. Multiplication
of the original ROI with the mask that is based on the values of R? resulted in most
of the cases in neglecting of cardiac-related pixels. In a consequence, there were only few
pixels where the value of 7 was omitted due to poor curve fitting (R? < 0.6).

Even though the study was performed using the data from three animals only,
we do not consider this number insufficient. Rather than evaluation of 7 in individual
animals, the aim of this study was to assess the changes caused by different ventilatory
settings. Thus, the applied range of selected ventilatory parameters was more important
for the study design than the total number of evaluated subjects. For this reason, a higher

number of animals involved in the study would be ethically inappropriate.
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Chapter 5

Conclusion

Electrical impedance tomography offers a new perspective in monitoring of lung
ventilation. Using the evaluation methods that were developed, it allows assessment
of regional lung filling in both spatial and temporal domain. Based on the requirements
for a specific ventilatory manoeuvre, the methods were divided into two groups.
In this work, two approaches were investigated more into depth.

The study that was performed to compare the methods for calculation of Center
of ventilation shows, that there are statistically significant differences between the values
provided by different algorithms. Although the differences are mostly at the edge
of clinical relevance or even negligible, the study suggest that there could be cases
where the assessment of ventral-to-dorsal shifts in lung ventilation is compromised.
Both algorithms that were investigated are relatively insensitive to image segmentation.

The second study shows that the setting of ventilatory parameters significantly affects
the values of regional time constants, as defined in the recently published feasibility
study. In consequence, assessment of lung pathologies by means of regional time constants

may be compromised when various ventilatory settings are applied.
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Center of Ventilation—Methods of Calculation using Electrical Impedance
Tomography and the Influence of Image Segmentation

V. Sobota! and K. Roubik!

! Faculty of Biomedical Engineering, Czech Technical University in Prague, Kladno, Czech Republic

Abstract— Electrical impedance tomography (EIT) is
a promising non-invasive, radiation-free imaging modality.
Using EIT-derived index Center of Ventilation (CoV), ventral-
to-dorsal shifts in distribution of lung ventilation can be
assessed. The methods of CoV calculation differ among authors
and so does the segmentation of EIT images from which the CoV
is calculated. The aim of this study is to compare the values
of CoV obtained using different algorithms, applied in variously
segmented EIT images. An animal trial (n=4) with anesthetized
mechanically ventilated pigs was conducted. In one animal,
acute respiratory distress syndrome (ARDS) was induced
by repeated whole lung lavage. Incremental steps in positive
end-expiratory pressure (PEEP), each with a value of 5 cmH,0
(or 4 cmH;,0 in the ARDS model), were performed to reach
total PEEP level of 25 cmH,0 (or 22 cmH,0O in the ARDS
model). EIT data were acquired continuously during this PEEP
trial. From each PEEP level, 30 tidal variation (TV) images
were used for analysis. Functional regions of interest (ROI) were
defined based on the standard deviation (SD) of pixel values,
using threshold 15%-35% of maximum pixel SD. The results
of this study show that there might be statistically significant
differences between the values obtained using different methods
for calculation of CoV. The differences occured in healthy
animals as well as in the ARDS model. Both investigated
algorithms are relatively insensitive to the image segmentation.

Keywords— center of ventilation, center of gravity, electrical
impedance tomography, EIT, region of interest

I. INTRODUCTION

Electrical impedance tomography (EIT) is an imaging
modality that provides information about regional lung venti-
lation. It is based on the application of small alternating cur-
rents using skin electrodes attached to the patient’s chest and
the consequent measurement of resulting voltages. It can of-
fer a non-invasive, radiation-free bedside alternative to com-
puted tomography in monitoring of tidal volume (V) distri-
bution and lung aeration inhomogeneity [1].

Due to the physical principle used, EIT images suffer from
low spatial resolution [2], [3] and the information provided

by EIT is rather complex and may be difficult to interpret
[3]. Therefore, several indices and measures were developed
to assess lung ventilation [4].

One of the most widely used indices in EIT data process-
ing is called Center of Ventilation (CoV) and was introduced
for the first time in 1998 by Frerichs et al. [5]. It describes
shifts in distribution of lung ventilation in ventral-to-dorsal
direction. In that study, it was defined as a weighted mean
of geometrical centers of the right and the left lung. In 2006,
the same research group presented a modified approach
for its calculation where CoV was calculated separately
for both left and right lung [6].

Since CoV has proven to be a useful index in assess-
ment of regional lung ventilation, it was adopted by many
research groups [7]-[12]. However, the definitions of CoV
are not consistent among these studies. Some authors define
CoV as a weighted mean of the row sums [7], [9], [11], [12].
Van Heerde et al. defined CoV as “the point where the sum
of fractional ventilation was 50% of the summed fractional
ventilation” [8] and Blankman et al. computed it as a ra-
tio between dorsal and total fractional ventilation [10]. Simi-
larly to CoV, Center of Gravity (CoG) index was introduced
in 2007 as a weighted mean of image row sums [13].

Unfortunately, different definitions of CoV are not the only
inconsistency in its use. Segmentation of EIT images from
which the CoV is calculated also varies. Initially, circular
mask was applied to the EIT image and the resulting area was
divided into several regions of interest (ROI) [6], [8]. How-
ever, some authors use functional segmentation of the images,
defined as 20% of maximum regression coefficient obtained
between global and local relative impedance [11] or as 20%
of the maximum standard deviation (SD) of the pixel value in
certain time period [12]. Finally, there are studies where CoV
was calculated without any previous image segmentation [9].

As there are different definitions of CoV published, used
together with various EIT image segmentation, we hypothe-
sized that the resulting CoV values and thus the evaluation
of regional lung ventilation may differ.

The aim of this study is to compare the values of CoV
obtained using different methods of its computation, applied
in variously segmented images.



II. METHODS

The study protocol was approved by the Institutional Re-
view Board of the First Faculty of Medicine, Charles Univer-
sity in Prague (FFM CU) and is in accordance with Act No.
246/1992 Coll., on the protection of animals against cruelty.
The measurements were performed at an accredited animal
laboratory of the FFM CU.

Four crossbred Landrace female pigs (Sus scrofa domes-
tica) with a body weight of 48 -2 kg were used in this study.

A. Anesthesia and preparation

The animals were premedicated with azaperone (2 mg/kg
IM). Anesthesia was initiated with ketamine hydrochloride
(20 mg/kg IM) and atropine sulphate (0.02 mg/kg IM), fol-
lowed by boluses of morphine (0.1 mg/kg IV) and propo-
fol (2 mg/kg IV). A cuffed endotracheal tube (I.D. 7.5 mm)
was used for intubation. Anesthesia was maintained with
propofol (8 to 10 mg/kg/h IV) in combination with morphine
(0.1 mg/kg/h TV) and heparin (40 U/kg/h TV). To suppress
spontaneous breathing, myorelaxant pipecuronium bromide
(4 mg boluses every 45 min) was administered during me-
chanical lung ventilation. Initially, rapid infusion of 1 000 mL
of saline was administered intravenously, followed by a con-
tinuous I'V administration of 250 mL/h to reach and maintain
central venous pressure of 6 to 7 mmHg.

Mixed venous blood oxygen saturation and continuous
cardiac output were measured by Vigilance (Edwards Life-
sciences, Irvine, CA, USA) monitor. Arterial blood gases, i.e.
arterial partial pressure of oxygen, carbon dioxide (PaCO,)
and pH, were continuously measured by CDI 500 (Terumo,
Tokyo, Japan). The arterio-venous extracorporeal circuit for
CDI 500 monitor was established between the femoral artery
and the femoral vein using a mechanical blood pump (peri-
staltic roller pump with a blood flow set to 400 mL/min).

In one animal, repeated whole lung lavage (normal saline,
30—40 mL/kg, 37°C) was performed to induce the surfac-
tant deficiency similar to acute respiratory distress syndrome
(ARDS) [8].

B. Ventilation

Conventional ventilator Hamilton G5 (Hamilton Medical
AG, Bonaduz, Switzerland) was used in the CMV mode with
the following setting: respiratory rate 18 bpm, FiO, 21%,
LE 1:2 with initial positive end-expiratory pressure (PEEP)
of 5 cmH,0 and pressure limit set to 40 cmH,O. The initial
Vr was set to 8.5 mL/kg of the actual body weight and was
titrated to reach normocapnia (PaCO; 40 & 3 mmHg). During
the study protocol four increasing PEEP steps of 5 cmH,0

were performed in animals with healthy lungs and three
increasing PEEP steps of 4 cmH,O with initial value
of 10 cmH,O were performed in the ARDS model. Each
PEEP level was maintained at least for 3 minutes.

C. EIT measurements

EIT system PulmoVista 500 (Driger Medical, Liibeck,
Germany) was used for data acquisition. The electrode belt
(size S) was attached to the chest of the animal at the level
of the 6 intercostal space. The frequency of the applied cur-
rent was set to 110 kHz with amplitude of 9 mA. EIT images
were recorded continuously with a frame rate of 50 Hz during
the entire PEEP maneuver.

D. Data Processing

The acquired data were pre-processed in Driager EIT
Data Analysis Tool 6.1 (Driager Medical, Liibeck, Ger-
many). Baseline frame was set automatically for each ani-
mal as a frame that corresponds with the global minimum
of impedance waveform. Reconstructed data were processed
in MATLAB 2014b (MathWorks, Natick, MA, USA).

At each PEEP level, EIT data from 30 consecutive
breaths were used for analysis. The breaths were selected
in the phases where the values of end-expiratory lung
impedance were the most stable. Tidal variation (TV) images
were calculated as a difference between end-inspiratory and
end-expiratory EIT images. In consequence, 30 TV images
were obtained for each PEEP level.

Functional ROI was defined based on the standard devi-
ation (SD) of individual pixel values in time [12], [14]. Six
threshold levels ranging from 15% to 40% of maximum pixel
SD with 5% step were used for image segmentation. For each
set of 30 TV images, a common ROI was applied. The index
called Center of Gravity (CoG) was defined as a weighted
mean of row sums obtained from TV image [13]:

. 1 Z,Ivvzl Zy:l y: Tny
N+ T I TV,

CoG ey

where N stands for both the number of pixel rows and pixel
columns in the TV image (N = 32 for EIT images provided
by PulmoVista 500) and 7'V, stands for the value of the pixel
with coordinates x,y.

For the purposes of this study, Center of Ventilation
(CoV) index was defined as a vertical coordinate that di-
vides the sum of fractional ventilation in two equal halves [§]
(Fig. 1). Our implementation of the algorithm for calculation
of CoV can be summarized as follows:



Segmented row sums

TV image

TV image

Trow sums

Image row
3

= L
25 T2

32
threshold =

T

1
I E= 2 Zlnml

coordinate Center of Ventilation

(CoV)

total

0246810
Ventilation (%)

weighted
mean

—_—

Center of Gravity
(CoG)

Image row

0 8162432
Weight

0246810
Ventilation (%)

Fig. 1: Computation of Center of Ventilation (CoV) and Center of Gravity (CoG). Tidal variation (TV) images were segmented and a region of interest (ROI)
was defined. Row sums were calculated from the segmented TV image. CoV was calculated as a coordinate that divides row sums in two equal halves.
CoG was calculated as a weighted mean of image row sums.

1. Normalize the pixel values in the TV image:

TV,

N N ’
x=1 y=1TVx)’

TV, = 100 )

where TV, expresses the value of the original pixel 7'V,
as a percentage of the total sum of the TV image.

2. Calculate row sums of the normalized TV image and save
them into the array r.

3. Find the highest index n € N for which holds:

Yigr <50 (3)
4. Calculate the ratio k:
50—-Y"  r;
k=20 Liom )
I'n

5. Calculate the value of CoV:

n+k+0.5
Cov = 1A
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For calculation of both CoV and CoG, a coordinate sys-
tem with the top left pixel represented by coordinates x = 1,
y =1 was used. In the following text the abbreviations “CoV”
and “CoG” refer to the indices described above and the un-
abbreviated term “Center of Ventilation” represents the index
in general.

Paired two-tailed t-test was used for evaluation of statisti-
cal differences between CoV and CoG. The values of both
indices obtained at different PEEP levels were visualized
as a box plot.

ITI. RESULTS

EIT data from 4 animals were studied. The highest PEEP
step was omitted in two subjects due to their hemodynamic
instability. In total 510 TV images were analyzed.

In general, the values of CoV were significantly higher
(p<0.05) than the corresponding values of CoG in all sub-
jects. As shown in Table 1, there were four cases where
the difference between CoV and CoG was not statistically
significant and three cases where the mean value of CoG
was higher than the corresponding mean value of CoV.

Box plots were created for each animal to visualize
the effect of image segmentation upon values of both CoV
and CoG. Figure 2 shows typical values of these indices dur-
ing incremental PEEP steps. Both CoV and CoG move dor-
sally when a higher PEEP level is applied. When calculated
from segmented TV images, variation in values of both in-
dices decreases with higher threshold.

The effect of image segmentation upon the values of CoV
and CoG is rather small when the indices are calculated from
mean TV image, as illustrated in Fig. 3 and 4. The influence
of PEEP upon both indices is much higher when compared
to the changes caused by application of different image seg-
mentation thresholds.

IV. DISCUSSION

The results of this study show, that in general, there is a sta-
tistically significant difference between the values obtained
using different methods for calculation of Center of Ventila-
tion. Both presented algorithms for its calculation show rela-
tively low sensitivity to lung segmentation.



Table 1: The differences CoV—CoG (mean + SD). Statistically insignificant differences (paired t-test, p > 0.05) are marked as *. The cases where the mean

value of CoG is higher than the value of CoV are marked as . Repeated whole lung lavage was performed in pig 4.

PEEP level Threshold (% of max. SD)
(cmH;0) 15 20 25 30 35 40
1 5 0.290 £ 0.049 0.3154+0.043 0.361 £0.045 0.392 +0.053 0.509 +0.047 0.509 4+ 0.040
10 0.477 £0.089 0.4344+0.046 0.387+£0.028 0.383 +£0.057 0.308 +0.048 0.308 +0.043
15 0.348 +£0.112 0.193 +£0.058 0.166 £0.012 0.191 +£0.027 0.090 +0.027 0.090 +0.027
20 0.507 £0.333 0.034 £0.179* 0.062 +0.054 0.098 +0.036 0.047 +£0.036 0.047 +0.031
25 1.131+0.434 0.539+0.374 0.088 +£0.243* 0.066 £+ 0.093 0.057 +£0.051 0.057 +0.049
2 5 0.770 £0.122 0.823 +£0.112 0.908 £0.110 0.845+0.101 0.719 £0.091 0.719 +£0.086
10 1.158 £0.063 1.174 £0.054 0.972 +£0.050 0.635 +0.056 0.513 +£0.055 0.513 +£0.044
15 0.851 +£0.056 0.314 +£0.023 0.186 +0.026 0.138 £0.025 0.080 +0.021 0.080+0.019
20 0.507 £0.017 0.093 +0.026 0.026 +0.028 —0.0014£0.030™  —0.0394+0.029"  —0.039 +0.033"
3 5 0.193 £0.122 0.186 +0.121 0.181+£0.118 0.186 £0.117 0.052 +£0.122 0.052+0.110*
10 0.498 +0.098 0.448 +0.098 0.407 +£0.103 0.3554+0.105 0.221 £0.107 0.221+0.102
15 0.647 +£0.106 0.532£0.063 0.358 £0.050 0.320 £ 0.055 0.198 £0.057 0.198 +0.059
20 0.460 +0.233 0.307 +£0.159 0.246 +0.067 0.240 +0.040 0.146 +0.041 0.146 +0.036
4 10 0.304 +0.206 0.351+0.199 0.2344+0.129 0.166 £ 0.078 0.106 +0.081 0.106 +0.084
14 0.528 +0.255 0.497 +£0.231 0.385+0.176 0.341 +£0.138 0.264 +£0.127 0.264 +0.113
18 1.116 £0.474 1.088 +0.479 0.930+0.448 0.730 +£0.392 0.449 +£0.312 0.449 +0.237
22 1.338 £0.376 1.197 £0.387 1.051 +£0.380 0.742 +£0.324 0.311 +£0.220 0.311+0.134

Although statistically significant, the differences between
the values of CoV and CoG presented in this study are mostly
at the edge of clinical relevance or even negligible. However,
as shown in Fig. 5, there might be considerable differences
in some subjects.

When functional ROI is applied to TV image, the varia-
tion in values of both CoV and CoG and the difference be-
tween their mean values decrease with an increasing thresh-
old of lung segmentation. This is mainly due to the fact that
the pixels with low change of relative impedance in time rep-
resent poorly ventilated lung regions or tissues that does not
participate in ventilation at all. When these pixels are ex-
cluded from the ROI, only the lung regions that substantially
contribute to ventilation are used for the calculation. In conse-
quence, this may result in cases where CoV and CoG switch
their positions when a high segmentation threshold is applied,
as shown in Table 1. Similarly, the mean difference between
CoV and CoG values substantially decreases when large in-
sufficiently ventilated lung regions are omitted from the cal-
culation because of the use of high segmentation threshold,
as shown in the values of the ARDS model in Table 1.

Contrary to the effect of lung segmentation, when incre-
mental PEEP steps are performed, the lung area that is pre-

dominantly ventilated moves dorsally. Therefore, the changes
of both CoV and CoG values caused by PEEP setting
are more pronounced.

For the purposes of this study we expressed both CoV
and CoG in percentage as we consider this as the most com-
mon way [6]-[9], [12]. However, the expression as a value
from the interval (1, N), where N stands for the number of im-
age row is also possible and correct [13].

To enable the comparison of two different approaches
for calculation of Center of Ventilation, we modified the
published algorithms to provide the value of 50% for a ho-
mogeneous image and also for images that are symmetrical
along vertical axis. Both algorithms are also shift invariant
for the structures that are symmetrical along vertical axis (top
row of Fig. 5). Therefore, the biggest differences between
CoV and CoG occur for the images with a strong horizon-
tal asymmetry as shown in the bottom row of Fig. 5.

We used the abbreviation “CoV” for the method pre-
sented by van Heerde et al. [8] as it is in our opinion closer
to the original idea of geometrical center of ventilation [5],
[6]. The methods for calculation of this index presented in [7],
[9], [11], [12] are closer to the idea of Center of Gravity in-
dex [13]. Therefore, abbreviation “CoG” was used for this
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Fig. 2: Values of Center of Ventilation (red) and Center of Gravity (green) calculated from EIT images that were segmented using thresholds in the range
of 15% — 40% of maximum pixel standard deviation (SD). The data obtained at four different PEEP levels are presented as box-and-whisker plot
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Fig. 3: Thresholding effect upon mean tidal variation (TV) image in the range from 15% to 40% in 5% steps (pig 3, PEEP 15 cmH,0). The position
of Center of Ventilation (CoV) and Center of Gravity (CoG) is depicted with red solid line and green dashed line, respectively. The pixel values of the image
were obtained as a mean of 30 consecutive TV images.

method. In this study we did not evaluate the method pre-
sented by Blankman et al. [10].

Segmentation of TV images based on SD values of indi-
vidual pixels is one of the most common approaches used
for definition of functional ROI [14]. For this method, there
is a recommended range of threshold values from 20%
to 35% of maximum pixel SD. In this study we used thresh-
old values ranging from 15% to 40% to assess also the effect
of ROIs that are produced by setting of the threshold criteria
outside the recommended range.

V. CONCLUSION

This study shows that there is a statistically significant
difference between the values provided by the two studied
methods for calculation of Center of Ventilation. The differ-
ences occured in healthy animals as well as in the model
of lung injury. In consequence, assessment of ventral-to-
dorsal shifts in lung ventilation may be compromised. How-
ever, both algorithms that were evaluated are relatively insen-
sitive to the segmentation of EIT images.
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Abstract. Electrical impedance tomography (EIT) is
a non-invasive radiation free imaging modality that enables
bedside monitoring of regional lung aeration dynamics.
Recently published study has shown that EIT-derived time
constants (T) can be obtained from the data acquired during
mechanical ventilation. Moreover, it suggested that T could
be used to distinguish lung pathologies. The aim of our study
is to investigate whether setting of ventilatory parameters
can affect the values of 7. An animal trial (n=3) with
anesthetized mechanically ventilated pigs was conducted.
In one animal, acute respiratory distress syndrome was
induced by repeated whole lung lavage. Changes of tidal
volume (Vr), respiratory rate (RR) and inspiratory-to-
expiratory (I:E) ratio were performed. For each ventilatory
setting, 20 consecutive breath cycles were used for analysis.
EIT data were segmented in spatial domain and mean breath
cycles were calculated. Regional values of T were obtained
for each ventilatory setting. The main result of this study
is that values of T are significantly affected by settings
of ventilatory parameters. In a consequence, assessment
of lung pathologies by means of T may be compromised when
various ventilatory settings are applied.

Keywords

Electrical impedance tomography, mechanical
ventilation, respiratory mechanics, time constants.

1. Introduction

In the last two decades, electrical impedance
tomography (EIT) made a big leap from a research
technology to imaging modality for intensive care units.
It is a safe, radiation-free technique that enables long-
term bedside monitoring of patients. The principle of EIT
is based on application of small alternating currents using
skin electrodes attached to the patient’s chest, measurement
of the resulting voltages and consequent calculation of
the distribution of tissue impedance within the selected body
cross-section. Many studies have shown that EIT could offer

a considerable alternative to computed tomography (CT),
especially in monitoring of lung ventilation and perfusion
[1], [2]. Unfortunately, when compared to CT, EIT suffers
from low spatial resolution and the provided information
may be rather difficult to interpret [3]. Therefore, it still
seeks new approaches of data processing and visualization.

Monitoring of regional lung aeration dynamics is
probably one of the most promising areas for clinical
use of EIT. It has been shown that in patients with
chronic obstructive pulmonary disease (COPD) the values
of expiratory time constant derived from pneumotachometer
data are significantly higher when compared to patients
without COPD [4]. However, these pulmonary function
tests provide values that are representative for the whole
lungs only. To assess regional dynamics of lung aeration,
a concept of regional EIT-derived time constants (7) was
introduced [5]. In this approach, EIT data are recorded
continuously during spirometry and 7 is calculated from
a forced expiration maneuver. Subsequently, color-coded
maps representing regional values of 7 are generated.
Moreover, recently published feasibility study [6] suggested
that 7 obtained in mechanically ventilated patients can be
used to distinguish lung pathologies such as acute respiratory
distress syndrome (ARDS) or COPD.

Hence the original idea for determination of 7 uses EIT
data that were recorded during defined ventilatory maneuver
(forced expiration performed in Tiffeneau test), ventilatory
parameters are set individually for each mechanically
ventilated patient. Therefore, we hypothesized that
the values of 7 calculated from EIT data acquired
in mechanically ventilated patients may be influenced by
setting of ventilatory parameters.

The aim of this study is to investigate whether setting
of ventilatory parameters can affect the values of EIT-derived
regional time constants.

2. Methods

The study protocol was approved by the Institutional
Review Board of the First Faculty of Medicine, Charles
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University in Prague (FFM CU) and is in accordance with
Act No. 246/1992 Coll., on the protection of animals against
cruelty. The measurements were performed at an accredited
animal laboratory of the FFM CU.

Three crossbred Landrace female pigs (Sus scrofa
domestica) with a body weight of 47 £+ 2 kg were used
in the study.

2.1. Anesthesia and preparation

The animals were premedicated with azaperone
(2 mg/kg IM), followed by anesthesia with ketamine
hydrochloride (20 mg/kg IM) and atropine sulphate
(0.02 mg/kg IM). When placed on the operating table,
initial boluses of morphine (0.1 mg/kg IV) and propofol
(2 mg/kg IV) were administered. A cuffed endotracheal
tube (I.D. 7.5 mm) was used for intubation. Anesthesia
was maintained with propofol (8 to 10 mg/kg/h IV) in
combination with heparin (40 U/kg/h IV) and morphine
(0.1 mg/kg/h IV). Myorelaxant pipecuronium bromide (4 mg
boluses every 45 min) was administered during mechanical
lung ventilation to suppress spontaneous breathing. Initial
rapid infusion of 1 000 mL of normal saline was
administered intravenously, followed by a continuous IV
drip of 250 mL/h to reach and maintain central venous
pressure of 6 to 7 mmHg.

Heart rate, arterial blood pressure, central venous
pressure, body temperature and ECG were monitored
using MU-631 RK (Nihon Kohden, Tokyo, Japan) patient
monitor. Continuous cardiac output and mixed venous blood
oxygen saturation were measured by Vigilance (Edwards
Lifesciences, Irvine, CA, USA) monitor. Arterial blood
gases, i.e. arterial partial pressure of oxygen, carbon
dioxide (PaCO;) and pH, were measured continuously by
CDI 500 (Terumo, Tokyo, Japan). The arterio-venous
extracorporeal circuit for CDI 500 monitor was established
between the femoral artery and the femoral vein using
peristaltic roller pump with a blood flow set to 400 mL/min.

In one animal, repeated whole lung lavage (normal
saline, 40 mL/kg, 37 °C) was performed to induce surfactant
deficiency similar to ARDS [7].

2.2. Ventilation

Conventional ventilator Engstrom (Datex-Ohmeda, GE
Healthcare, Finland) was used in the VCV mode with
the following initial setting: respiratory rate (RR) 18 min™!,
FiOy 21%, inspiratory-to-expiratory ratio (I:E) 1:2, positive
end-expiratory pressure (PEEP) of 5 cmH>O and pressure
limit set to 40 cmHsO. Tidal volume (V1) was set
to 8.5 mL/kg of the actual body weight and was titrated
to reach normocapnia (PaCO; 40 + 3 mmHg).

2.3. EIT measurements

PulmoVista 500 (Driager Medical, Liibeck, Germany)
was used for continuous EIT data acquisition during
the whole study protocol. The electrode belt of size S was
attached to the chest of the animal at the level of the 6"
intercostal space. The frequency of the applied current was
set to 110 kHz and the frame rate to 50 Hz.

2.4. Study protocol

After animal preparation, myorelaxation and instru-
mentation, calibration of the EIT system was performed.
A steady phase of 30 minutes was introduced. The study
protocol consisted of three phases separated by stabilization
periods. In each phase, several different settings of a selected
ventilatory parameter were used while keeping the values of
remaining ventilatory parameters unchanged. Each setting
was kept at least for 2 minutes. The stabilization periods
lasted from 3 to 4 minutes. In the first phase, the values of
VT were set in a range from 6 to 12 mL/kg with a step of
2 mL/kg. In the second phase, six different values of RR
were used, ranging from 12 to 22 breaths per minute with
a step of 2. Changes of I.E were performed in the third phase,
setting the values of the parameter to 1:1, 1:1.5, 1:2, 1:2.5
and 1:3. The study protocol is summarized in the scheme
in Fig. 1.

In the ARDS subject, different setting of ventilatory
parameters was used to prevent severe hypercapnia and
hypoxemia. PEEP was set to 15 cmH>O during the whole
protocol. In the first phase, RR was set to 30 min’!
and the highest value of V1 (12 mL/kg) was omitted. In
the second phase, RR was set to 30, 35, 40, 45 and 50 min’!
with V1 of 8 mL/kg. The third phase was performed with
RR set to 30 min"! and V of 8 mL/kg.

2.5. Data analysis and statistics

The acquired EIT data were pre-processed using
Driager EIT Data Analysis Tool 6.1 (Driger Medical,
Liibeck, Germany). Reference frames (often referred
to as baseline frames) were set automatically for each
animal as frames that corresponds with the global minima
of the global impedance waveforms. Reconstructed data
were processed in MATLAB 2014b (MathWorks, Natick,
MA, USA). For each ventilatory setting, a data set
representing 20 consecutive breaths was created and used for
analysis.

Functional region of interest (ROI) was determined
in each data set, based on the approach of linear regression
coefficient [8]. For each pixel, the relative impedance values
in time (impedance waveforms) were used as a dependent
variable while the global impedance waveform, determined
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Fig.1. Study design and the settings of ventilatory parameters during the protocol. For each phase, the changes in parameter setting

are highlighted by light gray background of the parameter value. V—tidal volume; RR—respiratory rate; [:E—inspiratory-
to-expiratory time ratio.
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Determination of the region of interest (ROI). For each pixel, impedance waveform represents a time course of the relative
impedance (AZ). Global impedance waveform is obtained as a sum of impedance waveforms of all pixels. Linear regression
coefficient (k) is determined using the pixel and the global impedance waveform as a dependent and independent variable,
respectively. Similarly, coefficient of determination (R?) is calculated when the normalized values are used. Based
on the given criteria, two masks are obtained from the values of k and R2. The final ROI is obtained as an intersection
of both masks.
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Fig.3. Data processing scheme. EIT data set is segmented in a spatial domain by multiplication of each frame with the region

of interest (ROI). Impedance waveform of each pixel within the ROI is divided in 20 separated breath cycles from which one
mean breath cycle is calculated. The expiratory phase of the mean breath cycle is determined and the part with the values
lower than 75% of the mean breath amplitude is fitted with an exponential curve. The values of time constants (7) obtained
from the curve fitting with coefficient of determination (R?) higher than 0.6 are visualized as a map of time constants.
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as a sum of impedance waveforms of all pixels, was
used as an independent variable. Consequently, linear
regression coefficient was calculated.  The set of all
pixels with the values of regression coefficient larger than
20% of the maximum resulted in a segmentation mask.
For the purposes of this study, this approach was enhanced
by computation of another mask, based on the values of
coefficient of determination (R?). For each image point, both
pixel and global impedance waveforms were normalized and
R? of linear regression was calculated. The final ROI was
obtained as an intersection of both masks. Determination
of the ROI is schematically depicted in Fig. 2.

The ROI was applied to the data set and the segmented
data were further processed. For each pixel, impedance
waveform was segmented in time domain, resulting in
20 separated breath cycles from which one mean breath
cycle was calculated. An expiratory phase was determined
in the mean breath cycle and the part with the values higher
than 75% of the mean breath amplitude was cropped [6].
The resulting part of the expiratory phase was normalized
and fitted with an exponential curve:

t

AZnornl =e T (1)

where AZom is normalized relative impedance, ¢ is time
and 7 is a time constant. Only the values of 7 that resulted
from a curve fitting with R? > 0.6 were considered [6].
The whole procedure of obtaining the time constants is
depicted in Fig. 3.

For each ventilatory setting the values of 7 were
visualized as a color-coded maps and as a box-and-whisker-
plot. To enable pairwise comparisons within each pig,
only the pixels with nonzero 7 for all ventilatory settings
were considered for statistical analysis. The Shapiro-Wilk
test was used to confirm the normality of evaluated data.
The differences between the values of 7 were assessed
by repeated measures ANOVA. A value of p<0.05 was
considered as statistically significant. The statistical analysis
was performed with STATISTICA (StatSoft, Inc., Tulsa,
OK, USA).

3. Results

EIT data from 3 animals were analyzed according
to the study protocol. In one healthy animal the values of RR
were set to 12, 15, 18, 20, 22 and 24 min"' in the second
phase of the protocol to investigate greater range of settings.
In total, 44 data sets were analyzed.

In general, the values of 7 differed significantly in each
phase of the protocol as shown in Fig. 4. There were
only three cases where the changes in 7 were statistically
insignificant with p>0.05 and one case with p>0.01. The
box plots in Fig. 4 show that V1 has an increasing effect
upon values of 7 while the effect of RR is exactly the
opposite. Similarly, the values of 7 are higher when the
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Fig. 4. Values of regional time constants (7) for different
ventilatory settings. The top and the middle graph
represent the values obtained in healthy animals, the
bottom graph presents 7 calculated in the animal
with induced acute respiratory distress syndrome.
Statistically insignificant differences are marked as
(p>0.01) and ft (p> 0.05). Vr, tidal volume; RR,
respiratory rate; I:E, inspiratory-to-expiratory ratio.

value of I:E is increased on the side of expiratory time. In the
ARDS animal, 7 was significantly lower as shown in Fig. 4
and in the color-coded maps presented in Fig. 5 and 6.
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Fig.5. Color-coded maps of time constants obtained during the second phase of the study protocol. Top row: changes of respiratory

rate (RR) in healthy animal—positive end-expiratory pressure (PEEP) 5 cmH20, tidal volume (V) 10 mL/kg, inspiratory-
to-expiratory ratio (I:E) 1:2. Bottom row: animal with induced acute respiratory distress syndrome—PEEP 15 cmH2O,

V1 8 mL/kg, I:E 1:2.
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Color-coded maps of time constants obtained during the third phase of the study protocol. Top row: changes of inspiratory-

to-expiratory ratio (I:E) in healthy animal—positive end-expiratory pressure (PEEP) 5 cmH>O, tidal volume (V) 10 mL/kg,
respiratory rate (RR) 20 min'!. Bottom row: animal with induced acute respiratory distress syndrome—PEEP 15 cmH20,

V 8 mL/kg, RR 30 min™!.

4. Discussion

The main result of this study is that values of regional
ElT-derived time constants 7 are affected by setting of
ventilatory parameters. Statistically significant changes of
7 were observed for different settings of Vo, RR and I:E
in healthy animals as well as in the animal with artificially
induced ARDS.

The values of 7 obtained in healthy animals are
comparable with the values presented in recently published
study [6]. However, we observed more pronounced decrease
of 7 in the ARDS animal. This was probably caused by
the setting of RR which was relatively high during the
whole study protocol. Because the results show that RR has
a decreasing effect upon 7, it is rather difficult to distinguish
how much the values of 7 are affected by the ventilatory
setting and what is the effect of the lung injury itself.

Despite the observed dependency of 7 upon settings
of ventilatory parameters, we do not reject the idea
that different lung pathologies could be distinguished

by assessment of regional dynamics of lung aeration as
determined by EIT. However, the results of our study
indicate that a defined ventilatory maneuver or ventilatory
setting is necessary to obtain comparable values for different
subjects.

The are numerous outliers above the box plots depicted
in Fig. 4, especially in the graph of the ARDS animal.
Analysis of the maps of time constants presented in
Fig. 5 and 6 showed that the corresponding pixels are
predominantly located at the ventral edge of the ROI.
Therefore, we speculate that the high values of 7 in these
pixels are caused by the presence of cardiac-related artifacts
in the impedance waveforms.

Although the original idea of regional time constants
considered calculation of 7 on a breath-to-breath basis,
we decided to use mean breath cycles for our calculations.
The main advantage of this approach is that averaging
attenuates the artifacts in the impedance waveforms that
are related to cardiac activity and lung perfusion.
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In this study we used a modified approach for
calculation of ROI. Multiplication of the original ROI with
the mask that is based on the values of R? resulted in
most of the cases in neglecting of cardiac-related pixels.
In a consequence, there were only few pixels where the value
of 7 was omitted due to poor curve fitting (R? < 0.6).

Despite the fact the study was performed using data
from three animals only, we do not consider this number
as insufficient. Rather than evaluation of 7 in individual
animals, we wanted to assess the changes caused by different
ventilatory settings. Thus, the applied range of selected
ventilatory parameters was more important for the study
design than the total number of evaluated subjects. For this
reason, we considered higher number of animals involved
in the study as ethically inappropriate.

5. Conclusion

This study shows that setting of ventilatory parameters
significantly affects the values of EIT-derived regional time
constants. In a consequence, assessment of lung pathologies
by means of regional time constants may be compromised
when various ventilatory settings are applied.
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