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Abstract: For the visualization of pulmonary ventilation with
Electrical Impedance Tomography (EIT), most devices rely on
generalized reconstruction models. Yet, fixed thorax dimen-
sions, predetermined electrode locations, and standard lung
shapes lead to multiple sources of EIT imaging distortion. The
following work compares reconstructions of a library model,
a practical model based on landmark fitting, and a detailed
model based on manual segmentation. CT images of five pigs
were segmented into torso surface, electrode positions, and
lung borders. Practical models were created with reduced data,
registration, and fitting. Detailed models were created by using
the complete segmentation data. After EIT reconstruction and
tidal image calculation, the overlap of CT lung segmentation
and ventilated voxel was calculated. Compared with the results
of a standardized model, the practical model reached an aver-
age ventilation/segmentation-overlap difference of an addi-
tional 12 %, and the detailed model achieved an average dif-
ference of 10 %. In conclusion, the shift of reconstructed im-
pedance towards the segmented lung region is similar in both
models when compared to the standard model, while the prac-
tical model requires a considerably less amount of infor-
mation.
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1 Introduction

In the prehospital or emergency setting, injuries to the
chest (thorax) represent one of the most common types of in-
jury [1]. Any occurring injury to the lung and resulting venti-
lation issues are examined by auscultation and, if available,
mobile ultrasound devices. Restricted availability of modern
devices, a high level of ambient noise, e.g. in scenarios with
high traffic intensity, and the small thorax portion that can be
monitored with available methods limit their effectiveness.
Monitoring of one-sided lung problems, i.e. a post-traumatic
pneumothorax, requires constant manual effort and is suscep-
tible to surrounding noise-sources. Electrical Impedance To-
mography (EIT) systems provide an alternative option for re-
gional analysis of pulmonary functions, independent of the
user’s expert level. It approximates the source of electrical im-
pedance changes, e.g. ventilation or perfusion, in a cross-sec-
tion of the lung in real time while enabling an objective anal-
ysis of regional temporal changes over time [2-4].

EIT is a non-invasive and radiation-free imaging tech-
nique that uses small electrical currents applied to the patient
via an electrode belt. When the belt is fixated on the upper
body, inner-thoracic changes in tissue conductivity can be
measured as voltages between electrode pairs and used for in-
verse calculation of low-resolution reconstruction images [3,
5]. The technique is defined as an inverse mathematical prob-
lem since measured voltages are used to approximate the cause
of their change [6]. Regional conductivity changes are calcu-
lated by using a 2.5D or 3D model to solve inverse problems
and determine differences in tissue impedance [7].

Sufficient accuracy of the EIT reconstructions relies heav-
ily on an accurate representation of the patient's anatomy and
the location of the attached electrodes in the reconstruction
model [8]. Many systems for clinical use provide standard re-
construction models that most likely contain deviating charac-
teristics from the actual thorax, while electrode positions are
usually pre-determined. This can lead to major impedance
shifts, causing improper assessment of lung behavior. Inaccu-
rate dimensions of the lung area or electrode positioning can
rotate and shift impedance changes, thereby falsely displaying
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a one-sided overextension of the lung, dead-spaces, shunts, or
other misbehavior.

Acquiring all the necessary information to create an accu-
rate model of the patient and electrodes is time-intensive and
not feasible in emergency scenarios. There are mobile model
creation methods, but to reach that goal efficiently, necessary
data needs to be left out [9]. The following work focuses on
the improvement of EIT reconstructions when only a limited
amount of data is available. It is hypothesized that a selection
of the electrode positions, the approximation of thorax shape
via an elliptical fit, and an estimation of the lung dimension
based on four landmarks can provide a practical reconstruction
model, whose results are superior to a standard model while
comparable to a detailed model created with more segmenta-
tion data.

2 Materials and Methods

2.1 Materials

In compliance with the 3R’s for reduction of animals in
research!, we used suitable data from an existing institutional
database. The original experiment received approval by the
governmental animal ethics committee (Landesdirection Leip-
zig, reference number TVV38/11). From the database, we ran-
domly obtained 5 EIT files and the corresponding CT data.
EIT measurements during the study were done using the com-
mercially available EIT-device PulmoVista 500 (Dragerwerk
AG & Co. KGaA, Liibeck, Germany). Data analysis and EIT
reconstruction were done with MATLAB 2018b (The Math-
Works, Inc., Natick, Massachusetts, United States) and EI-
DORS [10], an open-source toolbox providing functions for
the forward and inverse modeling of EIT. Model generation
was done with NETGEN?Z,

2.2 Model generation

For the generation of inverse reconstruction models, 6mm
CT-slices of each pig were used to create segmentations of the
thorax, the lung, and the electrode positions on the surface of
the pig. Segmentation information consisted of voxel ad-
dresses necessary to generate the desired shape boundary.
Electrode positions consisted of 16 points close to the skin,
while thorax and lung shapes contained a maximum of 40
points to avoid overload during model optimization. For lung

1 https://www.nc3rs.org.uk/the-3rs, Accessed 15 May 2024

and thorax segmentations a CT slice was chosen, which al-
ready contained a highly detailed segmented lung mask, cre-
ated by a medical expert. For electrode positioning, multiple
CT slices were overlapped since the EIT belt could extend over
multiple slices. The detailed model was created from all seg-
mented points.

The practical model generation used a fraction of the pro-
vided segmentation points as the basis for elliptic fitting and
shape registration (lung and electrodes). The lung shape was
reduced to four voxel points/landmarks acquired from the
thorax/lung CT slice for the full individualized model. The
four points were placed on the ventral left, ventral right, dorsal
left, and dorsal right boundary of the lung area. The lung shape
of the standard model was used as a template, and the counter-
parts of the four landmarks were chosen manually. Through a
registration process between the selected landmarks in the CT
and the landmarks in the template lung shape a registration
process was performed with the projective fitgeotrans algo-
rithm (provided by MATLAB and based on the works of A.
Goshtasby [11]). The template lung shape was transformed to
the desired position, rotation, and extension.

Thorax shape approximation was done by leaving out all
segmented thorax points that lay below the most dorsal lung
shape landmark. The remaining points were used for the
least-squares elliptic fit using the algorithm of Fitzgibbon et
al. [12] and create the new thorax shape. Electrode positions
were reduced to eight positions, with only the ventral elec-
trodes (#1 to #4 and #13 to #16) being used for the following
fitting process. Positions of the chosen electrodes were used to
calculate a transformation matrix that transforms a standard
electrode shape with equidistant positioning, approximating
the remaining eight electrodes’ position. The algorithms for
registration and transformation were the same as for the lung
shape. From the transformed positions, the angle of the elec-
trodes in relation to the thorax’s center was used for the elec-
trode localization on the surface.

A practical and detailed model was created for each pig
and used for 2.5D forward model generation as well as inverse
model training with GREIT [13]. As the standard model,
pig 23kg 16el lungs of the EIDORS toolbox was chosen.

2.3 Reconstruction and analysis

EIT reconstruction was done for data collected during
times of mechanical ventilation after the application of blunt
force thorax trauma to the ventral right part of the pig’s thorax.
At a sample rate of 50 frames per second, the reconstructed
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data consisted of 5000 frames. The reference frame for recon-
struction was created automatically by averaging the three
frames with the lowest global voltage within the first 500
frames. After reconstruction, the tidal images of all inspira-
tions were calculated and averaged. The values of voxels,
whose magnitude does not exceed 15 % of the maximal value
of the respective mean tidal image, were set to zero. For the
calculation of the overlap of the mean tidal image with the
lung segmentation from the CT, the sum of all ventilated
voxels within the lung segmentation was divided by the total
sum of ventilated voxels. Correct positioning of the CT lung
mask was achieved by deleting image regions outside a bound-
ing box, whose boundaries were the most left, most right, most
ventral, and most dorsal electrodes.

3 Results

3.1 Model generation

Model generation based on the practical and detailed ap-
proach resulted in two models per pig dataset, which were used
in addition to the library model provided by EIDORS. The
models for dataset 381132 are presented in Figure 1. It shows
the library model to the left, the practical model in the middle,
and the detailed model to the right.

3.2 Reconstruction and analysis

Each model was the basis for one mean tidal image, re-
sulting in three mean tidal images per pig, i.e., fifteen tidal im-
ages. Figure 2 shows the CT image data closest to the EIT belt
for dataset 381132 and its segmentation mask (far left). The
mask has been reduced to its boundaries, which are shown in
white. From the middle left to the far right, the figure then
shows the mean tidal image of the library model, the practical

Library Model EIT

Detailed Model

Practical Model

Figure 1: FEM model comparison for 381132; Left: EIDORS library
model for pig thorax with lungs (blue); Middle: Practical model
achieved with partial segmentation and fitting; Right: Detailed
model achieved through complete segmentation.

model, and the detailed model respectively, each in addition to
the boundaries of the segmentation mask (white) and the
boundaries of the mean tidal image (light blue).

The mean tidal image of the library model shows a bigger
ventilation area than the practical or detailed model, which is
shown by the extension of the blue line. Results of the practical
and the detailed model are comparable. The tidal image of the
practical model and the mask boundaries share greater similar-
ities in this instance. In total, the process was done for five
datasets; 381128, 381129, 381132, 381135, and 381140. The
results in Table 1, show the ventilation/segmentation overlap
as well as the difference between the library model results and
each of the models with a segmentation basis. The average dif-
ference between the ventilation/segmentation-overlap of the
practical models and the library model is 12 %. The detailed
models achieve an average ventilation/segmentation-overlap
difference of 10 %. The maximum difference between library
reconstruction and any other approach was the practical recon-
struction of 381132 with 18 % more overlap.

Detailed Model EIT

Practical Model EIT

Figure 2: Lung area and tidal image overlap for 381132; Left: CT image in grayscale; Middle Left: Tidal image calculated with the library
model of EIDORS and dataset 381132; Middle Right: Tidal image calculated with the practical approach and dataset 381132; Right: Tidal
image calculated with the detailed model and dataset 381132; Ventilation boundaries are highlighted with a blue line, CT lung segmentation
boundaries with a white line.
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Table 1: Overlap between lung segmentation and active tidal image
voxel for each model type with their respective differences to the
library model

Model

3811... 28 29 32 35 40 Mean Std.
Library 45% 47% 51% 50% 70% 52% 9%
Practical 62% 53% 69% 57% 80% 64% 9%
Alibrary 17% 6% 18% 8% 10% 12% 5%
Detailed 55% 54% 68% 55% 80% 63% 10%
Alibrary 10% 7% 17% 5% 1% 10% 4%

4 Discussion

The results of the fitting process in Figure 1 visualize how
already a small amount of thorax information and electrode
positions can result in a far better reconstruction model. De-
spite missing information, the practical model shows consid-
erable similarities with the detailed model. This is shown es-
pecially in the position, dimension, and rotation of the lung
area as well as electrode rotation. With only four registration
points used for transforming an existing lung shape, the dis-
tances between the thorax surface and the lung area are im-
proved significantly. The reconstruction results and their over-
lap with the lung segmentation prove the benefit the practical
approach can have for the analysis of EIT data. Every recon-
struction displayed ventilation data, being shifted into the lung
area, which can be considered as an information gain. The
maximal ventilation/segmentation overlap was reached with
the practical approach instead of the detailed model.

One explanation might be that, due to the nature of the
EIT reconstruction, ventilation reconstruction does not stop at
the lung border (see Figure 1, blue voxels) but extends into its
neighboring areas, i.e., tissue with higher conductivity (see
Figure 1, white areas). The fitting process of the practical
model created an elliptic pig thorax with a larger volume and
used a lung shape with a larger heart region, resulting in a more
compact reconstruction that focuses on the segmented lung
area. This provides a bigger overlap but less resolution.

Overall, the initial hypothesis that a small amount of data
can provide a superior construction model when compared to
a standard model is proven. The chosen fitting algorithms ap-
proximate a sufficient shape to gain a significant shift in image
ventilation data and allow for tidal images that correspond
more with image data acquired with CT.
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