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Abstract: A deeper understanding of lung ventilation can improve the treatment of patients with lung
disease. The aim of this study was to investigate the effects of changes in Functional Residual Capacity
(FRC) on electrical impedance tomography images in six healthy, spontaneously breathing subjects. The
study involved requesting and analyzing EIT images during tidal breathing at two different FRC levels in
a single thoracic plane (5th intercostal space). The differential FRC value (more than 0.5 1) was determined
with an optoelectronic plethysmograph, and simultaneously a spirometer was used as a reference system to
obtain further respiratory parameters such as tidal volume. Analysis of the spatial distribution of tidal
ventilation in the EIT images showed variations in air homogeneity based on the air shift to the central area
of the lung with increasing FRC values. Additional knowledge about the air distribution at different FRC
levels might improve and support the therapy of lung diseases.
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1. INTRODUCTION

The World Health Organization has released its most
comprehensive compilation of World Health Statistics up until
the year 2019 (World Health Statistics 2023 - A Visual
Summary, n.d.). The statistics reveal the extent to which main
diseases have affected global health systems, being respiratory
disorders the third largest contributor to global mortality.
Some of the lung disorders present severe symptoms that could
affect the air distribution and breathing flow, that in many
cases lead to hospitalization. However, mechanical ventilation
can also lead to ventilator-induced lung injury (Berlin, 2012).
Especially, as the human lung has a reduced regenerative
capacity compared to other organs (Cao & Xiao, 2018; Lucas
et al., 2020), any support that can help prevent lung disease or
support therapy should be used.

Spirometry is often used to test lung function and to diagnose
obstructive lung diseases like chronic obstructive pulmonary
disease (COPD) or cystic fibrosis. However, due to the effort
required by patients, it is not suitable for all patients.
(Hochhausen et al., 2022). To overcome the limitation of
spirometry (Zhou & Zhou, 2021), research in the field of lung
diagnostics continues (Laufer et al., 2021). As an alternative,
multiple studies identified Optoelectronic Plethysmography
(OEP) as a suitable approach for assessing lung capacities and
movement of the chest wall in individuals across different age
groups (Massaroni et al., 2017; Zhou & Zhou, 2021). OEP is a
non-invasive system which captures alterations in chest wall
dynamics during respiration and models the thoraco-
abdominal surface without the need for extra breathing effort.

Other measurement methods such as electrical impedance
tomography (EIT) allow the monitoring of regional changes in

lung ventilation. EIT measures changes in the impedance of
lung tissue by using small electrical currents, so the surface
potentials are measured and reconstructed to generate EIT
images that reflect the distribution of air in the lungs (Zhou &
Zhou, 2021). Currently, some studies had analyzed the
influence of air recruitment in EIT images. Most of them have
been carried out in ventilated animals and humans with lung
diseases, such as COPD (Ambrisko et al., 2016; Yang et al.,
2023a, 2023b; Zick et al.,, 2013). These studies analyzed
recruitment of the lung in different positive end-expiratory
pressures in anaesthetized and ventilated subjects. The
investigations concluded that tidal recruitment can be
measured by an EIT-based analysis. However, few of the
studies analyzed whether the obtained results were caused by
the lung disease or the behavior of air at an increased
functional residual capacity (FRC), (Zhang et al., 2018).

Body plethysmography is the most widely method for
assessing FRC levels, nonetheless its applicability can be
challenging for patients with certain respiratory disorders or
health issues, due to the effort required (Zhou & Zhou, 2021).
The absolute values of FRC cannot be determined by
spirometry or OEP, however an OEP can be used to determine
changes in FRC level.

Consequently, this observational study offers a different
perspective by examining the effects of FRC changes on EIT
images in healthy, spontaneously breathing individuals, thus
providing an insight of FRC levels on air distribution in the
lungs. Knowledge of the air distribution in the lungs could
improve the success of therapy for patients with lung diseases
by enabling the targeted administration of medication inside
the lungs, and also improve the oxygenation of patients by
breathing specifically into lung-healthy areas.
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2. METHODOLOGY
2.1 Measurement system

The measurement system consisted of a system combining EIT
(PulmoVista® 500, Driger, Germany) with OEP motion
tracking system (Bonita, VICON, Denver, CO) and a
spirometer (SpiroScout®, Ganshorn Medizin Electronic,
Germany). The subjects were performing respiratory
maneuvers in sitting position, while EIT, spirometer and OEP
measured simultaneously, see Figure 1.

Figure 1. Setup of measurement system combining spirometer,
optoelectronic plethysmography with electrical impedance
tomography. (a) spirometry unit, (b) optoelectronic
plethysmography, and (c) EIT electrode cable feedthrough to the
EIT belt on the skin surface.

As illustrated in Figure 2, the EIT measurements were carried
out in the mid-axillary line (5th intercostal section (ICS)) of
the chest (Krueger-Ziolek et al., 2015). Boundary voltages
were collected with an electrode belt of 16 electrodes. A
reference electrode was fixed at the subject’s abdomen out of
the lung area. EIT data was acquired with a frame rate of 40

Figure 2.Sketch of the EIT device and the EIT electrode belt in
height of ICSS.

The OEP obtained the chest wall motion during the study.
Therefore, 102 reflective markers were used, and a 9 infrared
camera system (VICON Bonita B10, Firmware Version 404)
working at 40 Hz sampling frequency was surrounding the
subject. The 102 passive markers were fixed on a compression
shirt (Figure 1 and Figure 3) on the anterior and posterior side
of the trunk, according to the protocol described by (Laufer et
al., 2020).

Figure 3. Sketch of the OEP the compression shirt with 102
reflective markers, cameras of the infrared camera system and
the illustration of the shirt by the OEP system.

Finally, the spirometer was used to obtain respiration volumes
and thus, tidal volumes and to ensure comparable
measurements and streamline data analysis during the
maneuver. Spirometer data was acquired with a frame rate of
200 Hz.

2.2 Participants

According to the working principles of the measuring devices
that are used in this study, subjects with pacemaker or
electrical devices have been dismissed. Furthermore, subjects
below 18 years and subjects with respiratory disorders are
excluded from the study as well as pregnant women.
Therefore, the study was performed on six healthy male
subjects (weight 74 + 9.19 kg; height 178 + 0.04 cm; age 25 *
4.85 years (mean = SD)). All subjects gave written, informed
consent before they participated in this study.

2.3 Respiratory maneuver

To obtain the required data, measurements were done in two
different FRC levels with a minimum difference 4FRC of 0.5
L. At the same time, to ensure comparable data, only breaths
were used for analysis, which had a maximal difference in tidal
volumes (TV) of 0.15 L.

Figure 4 illustrates the different phases of the breathing
maneuver performed by the subjects. In the first phase, the
subject breathed spontaneously for approximately one minute.
Afterwards, the FRC levels phase will start with a maximum
exhalation, that will be followed by an inhalation of a volume
of 1 L. This volume defined the FRC;. While FRC; volume is
maintained, the subject inhaled and exhaled 1 L of TV for
approximately another minute. Finally, the FRC; phase started
with a maximal exhalation followed by the inhalation of an
FRC of 2 L; similarly, while maintaining this volume, the
subject breathed 1 L of TV on top of the FRC for about another
minute. The change in FRC is given by:
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AFRC = FRC, — FRC, (1)

Assistance software was used to enable the subject to see when
the desired tidal volume or FRC was reached. This assistance
software extracted the required data from the spirometer and
was only used to support the subjects; the volume data used for
evaluation was obtained directly from the spirometer.
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Figure 4. Sketch of the volume curve of the respiratory maneuver
performed by the subjects.

2.4 Data reconstruction

The EIT data was reconstructed with a linearized FEM-based
Newton-Raphson method using the software supplied by the
EIT manufacturer (Drdger EIT Data Analysis Tool 6.3,
Driger, Germany). To isolate the information associated with
lung function and reduce cardiac interference, a low-pass filter
of 50 min™! was applied. Then the lowest impedance value was
defined as baseline.

To minimize the impact of intrathoracic tissues, others than
lung tissue, on EIT data, specific regions were defined for each
measurement using the following criteria in each FRC level
(Krueger-Ziolek et al., 2015). First, compute the difference
images between end-inspiration and end-expiration during the
normal tidal breathing to depict variations in impedance
values. The averaged tidal images within a FRC phase was
termed functional EIT image (fEIT). The pixel with the highest
value in the fEIT image was determined. Subsequently, pixel
values exceeding 20 % of the highest pixel value in the fEIT
image were associated with respiration, utilized for further
calculations, and defined the region of interest (ROI). The sum
of the defined ROIs of the two FRC phases resulted in the
creation of a final ROI.

The motion capture based OEP measured the volume of the
upper body, enclosed by the reflective markers. Therefore, the
3D shape of the chest wall was generated, and the volume was
computed (using MATLAB's alphaShape function).
Disregarding pressure-related volume variations, the change in
volume of the upper body corresponds to the change in FRC.

Finally, spirometry data typically involves measuring airflow,
which is then integrated to obtain the corresponding volume.
Integrating the airflow often leads to a trend that needs to be
removed in order to enhance data interpretation. To remove the
trends from the spirometer signals the detrend MATLAB
function was applied and interpolated to a 40 Hz frequency.

2.5 Data analysis

The EIT data, OEP data and the spirometer data were aligned
in time. Afterwards, the difference between the Spirometer’s
end-inspiration and end-expiration points was calculated to
determine the average tidal volume at each FRC level.
Subsequently, tidal volumes that did not exceed the averaged
values of the tidal volume with a deviation of + 0.15 L were
identified and used for further calculation. Then, the OEP’s
end-expiratory values (EEV) were used to calculate the
average upper body volume for each FRC level. The end-
expiratory values of previously labeled data points were
grouped into levels and analyzed individually. Those EEV that
did not exceed the average EEV values by a deviation of +0.18
L were considered for further analysis on the EIT images.

To ensure comparability among EIT images between FRC
levels, mean tidal images were generated for each FRC level.
Therefore, images of end-expiration were subtracted from
images of end-inspiration and averaged (Yang et al., 2021).
This was done using the previously identified data points. Four
tidal images, with similar FRC and TV values, were used to
calculate such a mean tidal EIT image which then was used for
further analysis. Figure 5 depicts three areas where ventilation
distribution was analyzed: the ventral section at the top,
followed by the central section, and finally, the dorsal section
at the bottom of the lung. The percentage of air distribution
was determined by adding the impedance values of all the
pixels of the desired area and divided it by the sum of all pixels
within the whole image.
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Figure 5. The defined Region of interest for the mean fEIT images.
In the upper section of the image the ventral area of the lung,
followed by the central area of the lung and the dorsal area.
These areas are separated by black lines in the figure.

3. RESULTS

A total of six subjects were included in this study. Figure 6
displays the mean tidal EIT images at two different FRC levels
of each subject. The higher FRC level is shown at the left site,
whereas the lower FRC level is shown at the right. In addition,
under each mean tidal EIT image the percentage of ventilation
of the three different regions (ventral, middle and dorsal) are
shown.
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Regarding spatial distribution, there is a general rise in
impedance within the central section for each subject with
increasing FRC. It can be noted that approximately 74 + 4% of
lung impedance is located within the central area at high FRC

Subject 1
AFRC:120L
High FRC

5 10 5 2 % % %
18.8% 68.9% 12.3% 18.3% 61.2% 20.5%
Ventral Central Dorsal Ventral Central Dorsal
Subject 3
AFRC:092L

8.4% 76.2% 15.4% 10.9% 71% 18.1%
Ventral Central Dorsal Ventral  Central Dorsal
Subject §
AFRC:099L

Low FRC

10 15 20 25 0 35 40
13% 68.4% 18.6% 15% 61.8% 23.2%
Ventral  Central Dorsal Ventral Central Dorsal

levels compared to the 64 + 5% at low FRC levels (Mean =+
SD). Additionally, it is observed an increase in impedance
within the central area between the left and right lung at higher
FRC level, across all subjects.

Subject 2
AFRC:1.52L

High FRC

Low FRC

0 5 0 1 ® % »
10.3% 73.7% 16% 26.9% 53.5% 19.6%
Ventral  Central Dorsal Ventral Central Dorsal
Subject 4
AFRC:0.88L

Low FRC

15% 70.1% 14.9% 18.9% 64.3% 16.8%
Ventral Central Dorsal Ventral Central Dorsal
Subject 6
AFRC:0.73L

Low FRC

15.2%

75.7% 9.1% 14.6% 72.5% 12.9%

Ventral Central Dorsal Ventral Central Dorsal

Figure 6. Mean tidal EIT images and percentage of ventilation distribution (ventral, middle and dorsal) within each FRC level of the six
subjects. Regarding homogeneity, the smaller the impedance percentage difference between ROI the more homogeneous the air is
distributed.
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4. DISCUSSION

This preliminary study, combining EIT and OEP measuring
techniques provides valuable insights into the understanding
of air distribution at different FRC levels. The mean tidal EIT
images revealed changes in air distribution as FRC levels
increased and it is evident that changes in the FRC levels have
an impact on EIT illustration.

If we look at the central parts of the lung, we see an increase
in the central ventilation distribution for all subjects as the
FRC rises, which is highlighted in red (higher percentages of
ventilation distribution) under the EIT images in Figure 6.

In five out of the six cases (subjects 2 to 6), the air is uniformly
distributed at lower FRC levels. Compared to that, in subject 1
the air is uniformly distributed at higher levels and tends to
increase in the center of the lung as FRC decreases. However,
the homogeneity of EIT images is influenced by various
reasons. The observed inhomogeneity of high levels could be
caused by movement of air from lower parts of the lung
towards higher areas (Milic-Emili et al., 1966). On the other
hand, it is though that the breathing technique may influence
the homogeneity of the air. A study showed that diaphragmatic
breathing resulted in more homogeneous breathing than the
quiet tidal breathing (Yang et al., 2023c).

Additionally, the results confirmed an increase in the central
area of the lung of all subjects with a rising FRC level. This
observation should be taken into account during EIT image
interpretation e.g. in spontaneously breathing patients with
obstructive lung diseases such as COPD who often exhibiting
a higher FRC.

The measurements showed that the subjects had difficulties in
breathing at a FRC level that deviated from their normal FRC
level. The subjects automatically returned to their usual FRC
level after a few breaths. It was only possible to maintain the
predetermined FRC level for a short time. Therefore, the
breaths from the measured data set that were at a comparable
FRC level and that differed minimally in tidal volume were
used for analysis, as they fulfill the constraints. In particular,
the different FRC levels (AFRC) should differ by at least 0.5
L and the breaths should have a maximum difference in tidal
volume of 0.15 L.

The extent of changes in ventilation distribution could possibly
be influenced by variations in AFRC, as in the examples of
subject 2 with a AFRC of 1.52 L and subject 6 with a AFRC of
only 0.73 L illustrate. Despite all subjects exhibit similar
trends, further investigation into the effects of variations in
AFRC on ventilation distribution is needed. This could involve
normalizing the ventilation changes for each individual based
on their respective AFRC. This study shows that changes in
FRC have an influence on EIT imaging. The current study only
examined six lung-healthy men of similar age, weight and
height. In order to confirm the promising results, a further
study with more subjects of different ages, body types and
genders should be conducted. This would lead to a deeper
understanding of how FRC affects air distribution in the lungs.

A deeper understanding of air distribution in the lungs could
improve the success of therapy for people with lung disease,

as it could be used for more targeted drug administration or to
improve oxygenation in damaged lungs.

5. CONCLUSIONS

The results obtained showed the influence of changes in
functional residual capacity on the distribution of air in the
lung and thus, on EIT imaging. These effects could enhance
lung therapies by targeted drug administration in the lungs.
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