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Abstract

In this paper, we study the data calibration procedure in
electrical impedance tomography (EIT) for thorax imaging.
Data calibration is an important procedure in EIT imaging
as it bridges the gap between simulated data and measured
data. Minimizing the systematic error caused by forward
modeling could significantly improve the quality of recon-
struction. A few factors are investigated in this study in-
cluding: 1) electrode model; 2) skin impedance; 3) dimen-
sionality of forward modeling. We observe that the dimen-
sionality of forward modeling is the most critical factor. In
fact, simulated data comparable with the experimental data
can be obtained using three-dimensional forward modeling
and reasonable estimation of background conductivity. It
can serve as a good starting point for EIT data inversion. Fi-
nally, we perform a fully three-dimensional reconstruction
using the measured data of human pulmonary ventilation.
The reconstructed images further support our conclusion.

1 Introduction

Electrical impedance tomography (EIT) is a non-invasive,
real-time and radiation-free imaging technique with many
promising clinical applications [1]. In particular, EIT is
an excellent tool for monitoring pulmonary ventilation. In
EIT measurement, an array of electrodes is attached to hu-
man chest. As currents are injected to human body through
one pair of electrodes, voltages on other electrodes are mea-
sured. Conductivity distribution of human chest can then be
reconstructed from the measured data. Because lung con-
ductivity is affected by the air portion inside it, changes in
conductivity reflect the dynamics of human breath.

In order to improve the quality of reconstruction, a rigorous
forward modeling is usually preferred. In [2], error factors
such as the boundary shape, electrode sizes and locations,
and contact impedance are assessed by the observation on
2D reconstructions using synthetic data. In [3], error fac-
tors such as the electrode sizes and placement, mesh den-
sity, and selection of reference conductivity are discussed
in detail and the importance of using 3D forward models
is stressed. In [4], the impacts of electrode area, contact

impedance and boundary shape on reconstructions are in-
vestigated by 2D simulations and the artifacts observed in
images are quantified. While incorporation of the above
factors improves the accuracy of forward modeling, it also
increases the complexity of forward model computation.
Therefore, most of equipments used clinically these days
are still based on 2D thorax modeling and inversion meth-
ods, and the reconstructed images are only used for qualita-
tive evaluation. In order to further improve the accuracy of
reconstruction and enable quantitative evaluation, we need
to quantify the improvements in accuracy from modeling
the above factors. Considering the time constraint from re-
altime monitoring, determining the dominant factors will
help us to achieve a good balance between accuracy and
computational complexity.

In this paper, we study a variety of factors affecting the
accuracy of forward modeling including: electrode model
(point electrode model or complete electrode model), skin
impedance and dimensionality of forward modeling (2D or
3D). The assessment of these factors is by comparing the
simulated data concerning each of them with the experi-
mental data acquired from human lung ventilation measure-
ment, instead of by observing the reconstructed images,
which is intuitive but indirect. The paper is organized as
follows: In Section 2, a brief review is made on the forward
modeling in EIT. Then the measurement setup is introduced
and the experimental data is presented. In Section 3, the
three considered factors mentioned above are introduced re-
spectively, and the simulated data are compared with the ex-
perimental data. In Section 4, the data calibration results are
validated by a test reconstruction using experimental data.
In Section 5, a conclusion is drawn on factors affecting the
accuracy of EIT forward modeling and a summary is made
on the limitations of current work.

2 Forward Modeling in EIT and Experimen-
tal Data

The electric potential in the domain of investigation Ω⊂Rn

(n = 2 or 3) satisfies the Poisson’s equation



(a) Measurement setup (b) A frame of measured data

Figure 1. (a) Measurement setup. (b) A frame of data mea-
sured at the end of expiration. The data is normalized with
the injected currents and has a unit of impedance.

5· (σ(r)5φ(r)) = 0 r ∈Ω, (1)

where σ is the conductivity distribution, φ is the electric po-
tential and r is the spatial position. In order to solve the par-
tial differential equation in (1), certain boundary conditions
are needed. These boundary conditions define the current
density or the potential on the boundary ∂Ω. The governing
equation (1) together with the boundary conditions is usu-
ally called an electrode model. Details of several electrode
models will be discussed in Section 3.1.

In the implementation, the problem domain Ω is gener-
ally discretized using triangular meshes in 2D or tetrahedral
meshes in 3D, and the boundary-value problem mentioned
above is solved by finite element method (FEM).

In real measurement, we use a 16-electrode EIT system op-
erating at 20 kHz. The electrodes are equally spaced around
the subject’s thorax, as shown in Figure 1 (a). Constant cur-
rents are injected between adjacent electrodes and voltages
are measured between non-current-carrying adjacent elec-
trodes. Therefore, a frame of data contains 104 data points.
Figure 1 (b) shows a frame of data measured at the end of
expiration.

3 Study on Influence Factors in Forward
Modeling

3.1 Electrode Model

In the measurement, we use circular ECG electrodes con-
sisting of Ag/AgCl conductor and gel pad with diameters of
7.5mm and 16mm respectively. The skin is cleaned using
alcohol before the electrodes are attached.

Among various electrode models designed for FEM mod-
eling [5], one widely used is the complete electrode model
(CEM). The details of CEM can be found in [6]. In point
electrode model (PEM), the electrodes are represented by a
series of points r`(` = 1,2, ...,L) (L is the number of elec-
trodes) on the boundary ∂Ω. In this model, the normal cur-
rent density on the boundary is non-zero only at the elec-
trode points, which leads to a δ -like normal current density
distribution on the boundary:

(a) Model 1 (b) Model 2 (c) Comparison

Figure 2. (a) PEM thorax model. (b) CEM thorax model.
(c) For CEM, the contact impedance is modeled in two
cases: 1) 1000 Ω·cm2 for all the electrodes; 2) 1% random
variation around 1000 Ω·cm2 for the electrodes.

σ(r)
∂φ(r)

∂n
=

L

∑
`=1

I`δ (r− r`) , r ∈ ∂Ω, (2)

where n is the outward normal direction on ∂Ω and I` is
the injected current on Electrode `. Then considering the
conservation of charge condition

L

∑
`=1

I` = 0, (3)

and the choice of a reference potential

∫
∂Ω

φ(r)dr = 0. (4)

We note that the point electrode model is only a simplified
model when the electrodes used are small as in our case,
and it may be a poor model when large electrodes are used.

We solve the forward problem using PEM and CEM re-
spectively by finite element method [7]. Two simple two-
dimensional finite-element thorax models are shown in Fig-
ure 2 (a) and (b). The two models correspond to PEM and
CEM respectively. In the simulation, we use a homoge-
neous conductivity of 0.1 S/m, which is a reasonable back-
ground conductivity of human thorax at 20 kHz [8]. In ad-
dition, proper contact impedance of the electrodes needs to
be chosen when CEM is used. Rosell et al. [9] report a mea-
sured contact impedance of about 1000 Ω·cm2 at 20 kHz.
Hence, we simulate the case where all the electrodes have
the same contact impedance of 1000 Ω·cm2 and the case
where the contact impedance has a 1% random variation
around 1000 Ω·cm2. A comparison of simulated results us-
ing PEM and CEM is shown in Figure 2 (c), from which we
can see the simulated data using CEM is only slightly dif-
ferent from that of PEM, and both are not in the same order
of magnitude as the experimental data (see Figure 1 (b)).
Therefore, more factors need to be investigated for accurate
forward modeling.



(a) Model 3 (b) Comparison

Figure 3. (a) A model with a thin layer of skin (about 1.25
mm thick). The skin layer has a conductivity of 2× 10−4

S/m and the interior area has a conductivity of 0.1 S/m.
(b) Comparison of simulated data using non-skin model
(Model 1) and skin model (Model 3).

3.2 Skin Impedance

The skin impedance is mainly caused by the stratum
corneum and may have large spatial and temporal variation.
It is reported that dry skin has a resistivity of about 5×103

Ω·m and wet skin has a resistivity of about 2.5×102 Ω·m,
both at 20 kHz and 37 ◦C [8]. The skin resistivity is very
different from that of the inclusions of thorax.

Skin impedance can be incorporated in the contact
impedance [2], but here we model it independently. To test
the influence of highly resistive skin on the accuracy of for-
ward modeling, we construct a model (Model 3) including
a thin layer of skin, as shown in Figure 3 (a). The model
is equipped with point electrodes in order to highlight the
influence of skin impedance. The thickness of the skin
layer is about 1.25 mm (an average thickness of the skin)
and the resistivity of the skin layer is chosen at the worst
case scenario of 5×103 Ω·m. The simulated data using the
non-skin model (Model 1) and the skin model (Model 3) is
shown in Figure 3 (b), from which we can see the skin layer
has little influence on the simulated data and it also fails to
interprete the experimental data (see Figure 1 (b)).

3.3 Dimensionality of Forward Modeling

In the previous discussions, two-dimensional models
(Model 1–Model 3) are used in forward modeling. This is
mainly because all the electrodes are located on one plane
and most injected currents flow near this plane. Moreover,
2D modeling has much less unknowns compared with 3D
modeling, which is advantageous for realtime applications
such as pulmonary ventilation monitoring.

However, in measurements of human ventilation, the in-
jected currents flow in three dimensions, not purely con-
fined in the two-dimensional electrode plane. This phe-
nomenon becomes more obvious when small and circu-
lar electrodes are used. Hence it is necessary to compare
the accuracy of forward modeling between two- and three-
dimensional models. To this end, we construct a three-
dimensional thorax model (Model 4) using NETGEN, as

(a) Model 4 (b) Comparison

Figure 4. (a) A three-dimensional thorax model con-
structed using NETGEN. (b) Comparison of experimental
data and simulated data using Model 4. Homogeneous con-
ductivity of 0.1 S/m is used in the simulation.

shown in Figure 4 (a). The model consists of 49327 tetra-
hedral elements and 9989 nodes. For simplicity, point elec-
trode model depicted in Section 3.1 is used. The compar-
ison of the experimental data and the simulated data using
Model 4 is shown in Figure 4 (b), from which we can see
the scale of simulated data is comparable with the one of
experimental data. Therefore, we can conclude that the di-
mensionality of forward modeling is the most critical one to
the accuracy of EIT forward modeling among all the three
factors studied in this paper.

4 Reconstruction Test

Through the previous study, we observe that better recon-
struction may be obtained using three-dimensional forward
modeling. In this section we perform a linearized three-
dimensional difference reconstruction [10] using the exper-
imental data of lung ventilation to further verify this obser-
vation. Homogeneous conductivity of 0.1 S/m is used to
calculate the Jacobian matrix. The selection of 0.1 S/m is
based on two considerations: 1) the simulated data using
0.1 S/m is close to the experimental data, as can be seen
from Figure 4 (b); 2) the conductivity 0.1 S/m is a reason-
able background conductivity of the human thorax [8]. The
reconstructed conductivity image is shown in Figure 5 (a).
For clarity, we only show the reconstruction on the elec-
trode plane, where the conductivity of each triangular el-
ement is approximated by the average conductivity of the
two tetrahedral elements related to it. As a comparison,
the two-dimensional reconstruction result is also shown in
Figure 5 (b) where the Jacobian is calculated using two-
dimensional forward modeling. It is obvious that the three-
dimensional reconstruction result is more reasonable com-
pared with human thorax structure as shown in a CT image
in Figure 5 (c). The reconstruction results validate our ob-
servation in the previous section that dimensionality is the
most important factor in the accuracy of forward modeling.

5 Conclusion and Discussion

In this paper we study the influence of electrode model, skin
impedance and model dimensionality on the accuracy of
forward modeling of EIT in monitoring human pulmonary
ventilation. The results show that all these three factors



(a) 3D reconstruction (b) 2D reconstruction (c) A CT image

Figure 5. Reconstruction results. (a) A fully 3D recon-
struction using 3D model. Only the reconstruction of the
electrode plane is shown. (b) A fully 2D reconstruction us-
ing the mesh extracted from the electrode plane of the 3D
model. (c) An example of CT image of human thorax.

have some influence on the simulated data, but the dimen-
sionality of forward modeling is the most critical one. In
fact, simulated data comparable with the experimental data
can be obtained using three-dimensional forward modeling.
Finally, a three-dimensional reconstruction test using the
experimental data further validates our observation.

There are still some limitations of our work:

• In the two-dimensional simulation using complete
electrode model, the values of contact impedance used
are from the literature. This is only a rough approx-
imation because the contact impedance is likely to
change due to the different subject and measurement
environment.

• In the study of skin impedance, we use a rather ideal
model for the skin with the same thickness and resis-
tivity. In fact, the skin impedance may have spatial
and temporal variation and this may affect the forward
modeling.

• The three-dimensional forward modeling uses the
point electrode model and the contact impedance is
not considered. For more exact forward modeling, the
complete electrode model should be used.

In addition, other factors such as the boundary shape, elec-
trode sizes and electrode locations may also have some ef-
fects on the accuracy of forward modeling and this calls for
more exact modeling techniques. We will investigate them
in our future research.
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