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Abstract: Electrical Impedance Tomography (EIT) is used
to visualize the regional ventilation of the lungs using volt-
age measurements on the surface of the thorax. Unfor-
tunately the image reconstruction process is sensitive to
shape deformation. During breathing the inevitable ex-
pansion of the thorax influences measured boundary volt-
ages which leads to artifacts in the reconstructed images.
A camera based motion-tracking-system was used to mea-
sure thorax excursion during breathing and systemati-
cally modify measured voltages. Results indicate that im-
age artefacts can be reduced if the measured voltages are
modified based on the measured thorax excursion.
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1 Introduction

Electrical Impedance Tomography (EIT) is an imaging
modality used to visualize the regional ventilation of the
lungs in ventilation therapy. Therefore electrodes are at-
tached around the circumference of the thorax. Small al-
ternating currents are injected into the body and result-
ing voltages are measured. During inspiration the lungs
are filled with air and the alveoli expand. This leads to
constricted but lengthened current paths and therefore af-
fects the voltages on the boundary of the thorax [1]. Mea-
sured voltage changes are used to reconstruct an image
of the internal conductivity change and thus the regional
ventilation of the lungs. This technique is non-invasive,
radiation-free and relatively inexpensive, making it suit-
able for long-term bedside monitoring of lung aeration [2].
EIT is promising to guide ventilation therapy and reduce
the risk of ventilator induced lung injury (VILI) [3].
Besides the internal change in conductivity, bound-
ary voltages are also affected by the inevitable expansion
of the thorax during breathing [4, 5]. The traditional ap-
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proach for image reconstruction does not consider voltage
change caused by domain deformation which results in
artefacts in the reconstructed images.

In this article we describe a method to integrate knowl-
edge of thorax deformation into the reconstruction pro-
cess. Results demonstrate that this method improves im-
age quality in EIT imaging.

2 Methods

2.1 General

A commercially available EIT system (PulmoVista500,

Draeger Medical, Luebeck, Germany) was used to measure

boundary voltages at the thorax of a volunteer (healthy, 32

years, male). A belt with 16 electrodes was attached at the

5" intercostal space. The subject performed maximum ex-

piration followed by maximum inspiration in sitting posi-

tion.

Every electrode was equipped with a reflective marker.
During the breathing manoeuvre the position of every
marker was determined with a camera based motion-
tracking-system (Bonita, VICON, Denver, CO) consisting of
9 infrared cameras. In this article we only consider 2D EIT.
We therefore projected the three dimensional electrode co-
ordinates onto a regression plane obtained using a least
squares approach. These two dimensional positions were
used to modify measured voltages.

We used NETGEN [6] to generate FEM meshes to sim-
ulate the influence of shape deformation on the bound-
ary voltages. FEM meshes of the deformed thorax were ob-
tained with two methods.

1. Precise mesh: Generate mesh using the actual position
of the electrodes for every change in thorax shape.

2. Simplified mesh: Generate mesh at maximum expira-
tion. Stretch this mesh by shifting of the nodes accord-
ing to the anterior-posterior and lateral deformation of
the thorax.

The first method results in meshes that more precisely rep-
resent the current thorax geometry compared to the sec-
ond method, with the drawback of time consuming re-
meshing for every change in geometry. The second method
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uses an initial geometry which is stretched based on the
deformation in two directions (Figure 1). For the used FEM
mesh (11138 elements) the shifting of the nodes can be cal-
culated in real time, but more complex deformations are
not incorporated in this model.

For the considered breathing manoeuvre we gener-
ated 20 FEM meshes for each method and 20 EIT frames
were used to visualize the ventilation change.

2.2 Modification of boundary voltages

A common pattern for current injection and measurement
is to use adjacent electrodes. For the used EIT system this
leads to 208 voltages Vg, for every frame. An established
method for image reconstruction calculates the change in
conductivity from the measured voltages vy, With a one-
step Gauss-Newton solver, which leads to

X =B f(Virame) )]

where B is the reconstruction Matrix that relates the mea-
sured voltages to a vector x of conductivity change [7]. This
method is hereinafter referred as traditional approach.
We used the FEM model to simulate the ratio n of mea-
sured voltages difference, based on the deformation of a
homogeneous model with uniform conductivity. We ex-
press the ratio
_ Vorg,i ~ Vdef,i )
Vdef,i
with v, ; being the simulated i-th component of the volt-
age on the thorax at maximum expiration (reference tho-
rax shape) and v, ; the respective component of the de-
formed domain.
We calculated 5 for every FEM mesh, which leads to
the following matrix

i

Hox208 = M1+ - - n20]" 3)

with 1, being the voltage ratio between the n-th frame and
the reference thorax shape.

For each frame the voltages used for image reconstruc-
tion are subsequently modified according to

Veorr,i = Hfmme,i *Virame,i T Vframe,i (4)

with v¢orr containing the modified voltages used for image
reconstruction and Vg ; being the i-th component of the
measured voltage at the considered frame.

2.3 Artefact amplitude measure

To evaluate the effect of the modification of boundary volt-
ages we use the common method of Artefact Amplitude
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Measure (AAM) which is:

2
Zier Qix;

AAM =
2ierQ;

5)
where x; is the change in conductivity of the FEM element
i and Q; is the area of the same element [8]. The subset
of elements used for calculation of AAM is denoted L. We
define L to contain the outer elements of the FEM, as ex-
cursion induced artefacts mainly occur at this region [9].

3 Results

3.1 Thorax deformation and mesh
generation

The dominating deformation during the breathing ma-
noeuvre is in anterior-posterior direction which is approx-
imately 4 times the deformation in lateral direction.
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Figure 1: Deformation ratio during maximum inspiration in anterior-
posterior direction (solid blue line) and in lateral direction (dotted
red line).

The positions of the boundary nodes of the FEM
meshes generated with the above described methods are
depicted in Figure 2.

Both geometries show the shape at maximum inspira-
tion. Especially the deformation of the ventral chest differs
when the mesh is stretched (simplified mesh) compared
to the more accurate method (precise mesh) where a new
mesh is generated for every frame.
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Figure 2: Outer geometry of the FEM mesh generated with re-
meshing for every change in thorax excursion (black plus) and for
the stretched mesh based on the deformation in two dimensions
(red dot).

3.2 Image reconstruction

Images were reconstructed with the traditional approach
using the measured voltages and with the above described
methods where obtained voltages are modified based on
simulations on homogeneous FEM models.

Figure 3: Reconstructed conductivity of frame 16. Left: Reconstruc-
tion with traditional approach. Right: Approach using modified
boundary voltage based on precise FEM mesh. Red colour indicates
decreasing conductivity.

Results indicate that for every considered frame, the
amount of boundary artefacts is reduced when the precise
FEM mesh is used to calculate the modification of bound-
ary voltages used for image reconstruction according to
Eq. 4 and Eq. 1. Figure 3 shows the reconstructed conduc-
tivities of frame 16.

If the simplified mesh is used to modify the boundary
voltages the amount of artefacts is reduced if thorax de-
formations are small, at higher deformations more bound-
ary artefacts arise (Figure 4). Please note that the colouring
is different for every frame to ensure that details in recon-
structed conductivity can be identified more easily.
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Figure 4: Upper row: Reconstructed conductivities at frame 8. Lower
row: Reconstructed conductivities at frame 20. Left column: Recon-
struction with traditional approach. Right column: Reconstruction
with modified voltages based on stretched FEM model (simplified
mesh).
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Figure 5: AAM values of the different reconstruction methods. Tra-
ditional approach (x marker), modification of voltages using sim-
plified mesh (plus marker), modification of voltages using precise
mesh (circle marker).

Figure 5 shows how the amount of boundary arte-
facts depends on the reconstruction method for all consid-
ered frames. For small deformations until frame 7 both in-
troduced approaches show nearly the same AAM values.
Both methods using modified voltages outperform the tra-
ditional approach until frame 15. For very high thorax de-
formations the simplified mesh results in more boundary
artefacts compared to the traditional approach while the
method that uses the mesh using all electrode positions
increases image quality even for very high deformations.
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4 Discussion

Results demonstrate how knowledge of thorax excursion
can be used to increase image quality in EIT imaging. The
approach using the precise FEM mesh to modify measured
voltages performs better than the traditional approach,
however it has to be mentioned that such sophisticated
systems for measuring the thorax excursion are usually
not available in a clinical context. A relatively nadve
method, where the thorax geometry is stretched based
on anterior-posterior and lateral deformation, can result
in lower boundary artefacts if the excursion of the thorax
is relatively small. We hypothesize that the mismatch of
the simplified mesh to the original body geometry (Fig-
ure 2) results in increased AAM values for higher thorax
excursions (Figure 5). It has to be investigated how tho-
rax excursion can be approximated more exactly by using
only sparse information of deformation. This would help
to develop a system that uses the described approach and
which might be suitable for clinical applications. Thus
knowledge of the boundary deformation will lead to more
detailed reconstructed images with less artefacts. This im-
proves image interpretation and helps EIT to become a
more commonly used imaging technique for lung moni-
toring.
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