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Nonlinear Difference Imaging Approach
to Three-Dimensional Electrical Impedance
Tomography in the Presence of Geometric
Modeling Errors

Dong Liu*, Ville Kolehmainen, Samuli Siltanen, Anne-Maria Laukkanen, and Aku Seppanen

Abstract—Objective: To evaluate the recently proposed nonlin-
ear difference imaging approach to electrical impedance tomogra-
phy (EIT) in realistic 3-D geometries. Methods: In this paper, the
feasibility of nonlinear difference approach-based EIT is tested
using simulation studies in 3-D geometries of thorax and larynx,
and with an experimental study of a thorax-shaped water tank.
All test cases exhibit severe modeling errors due to uncertainty in
the boundary shape of the body. Results: In all test cases, the con-
ductivity change reconstructed with nonlinear difference imaging
outperforms the conventional reconstructions qualitatively and
quantitatively. Conclusion: The results demonstrate that the non-
linear difference reconstructions tolerate geometrical modeling
errors at least to the same extent as the conventional linear ap-
proach and produce quantitatively more accurate information on
the conductivity change. Significance: Physiological processes that
produce changes in the electrical conductivity of the body can be
monitored with difference imaging based on EIT. The wide popu-
larity of linearized difference imaging in EIT is mainly based on
its good tolerance for the ubiquitous modeling errors, which are
predominantly caused by inexact knowledge of the body geometry.
However, the linearized difference imaging produces only quali-
tative information on the conductivity change, and the feasibility
of the estimates also depends on the selection of the linearization
point which ideally should be equal to the conductivity of the initial
state. Based on the findings of this paper, these problems can be
avoided by nonlinear difference imaging, and potentially the ap-
proach can enable quantitative imaging of conductivity change in
medical applications.

Index Terms—Difference imaging, electrical impedance tomog-
raphy (EIT), inverse problems, modeling errors.

Manuscript received September 22, 2015; revised November 30, 2015; ac-
cepted December 12, 2015. Date of publication December 17, 2015; date of
current version August 18, 2016. This work was supported by the Academy of
Finland under Project 119270, Project 134868, Project 140280, Project 250215,
Project 270174, and Project 273536, Finnish Doctoral Programme in Compu-
tational Sciences, and the Finnish Center of Excellence of Inverse Problems
Research 2012-2017. Asterisk indicates corresponding author.

*D. Liu is with the Department of Applied Physics, University of Eastern
Finland, Kuopio 70211, Finland (e-mail: dong.liu@outlook.com).

V. Kolehmainen and A. Seppanen are with the Department of Applied Physics,
University of Eastern Finland.

S. Siltanen is with the Department of Mathematics and Statistics, University
of Helsinki.

A. M. Laukkanen is with the Speech and Voice Research Laboratory, Univer-
sity of Tampere.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TBME.2015.2509508

I. INTRODUCTION

LECTRICAL impedance tomography (EIT) is an imaging
E technology in which the electrical conductivity of a body
is estimated as a spatially distributed parameter based on mea-
surements of electrical currents and potentials at the boundary
of the body. The feasibility studies on potential clinical appli-
cations of EIT have focused on applications such as monitoring
lung [1], [2] and heart functions and detecting breast cancer
[31-[5].

Methods of EIT imaging can be divided to absolute imaging
[4], [6] and difference imaging [7]-[10].

In absolute imaging, the conductivity distribution is estimated
using a single set of potential measurements, during which the
conductivity is modeled invariant. The realization of absolute
imaging for medical applications has been largely hampered
by the ill-posedness of the EIT problem; the image reconstruc-
tion is very sensitive to the ubiquitous modeling errors which
are caused by inaccurately known auxiliary variables of the
measurement model. In particular, the shape of the body is in
practice always inaccurately known, and it has been shown that
especially the errors in modeling of the body shape produce
severe errors in the absolute reconstructions [11], [12].

In difference imaging, a change in the conductivity is esti-
mated based on datasets measured before and after the conduc-
tivity change. Conventionally, the reconstruction of the conduc-
tivity change is carried out using a linear approach where one
approximates the nonlinear observation model by a linearized
model and by taking difference of the data before and after the
change. In this approach, the reconstruction of the conductivity
change becomes a linear problem which can be solved, for ex-
ample, by regularized linear least squares (LS) approach. The
main benefit and reason for the popularity of the linear approach
is its good tolerance to modeling errors caused by the inaccu-
rately known auxiliary model parameters. This feature stems
from partial cancellation of (invariant) modeling errors in the
subtraction of the data before the change from the data after the
change.

Although the linear approach to difference imaging is able
to suppress some of the effects of geometrical modeling er-
rors, it has been shown that artifacts are still present in the
reconstructions [13]-[15]. Furthermore, a drawback of the lin-
ear approach is that the linear approximation for the nonlinear
forward model is only feasible for small deviations from the
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linearization point [16]. In high contrast cases, such as accu-
mulation of well conducting liquid (haematothorax) or poorly
conducting air (pneumothorax) in the lungs, the linear approach
may prevent the detection of clinically relevant changes [17].
The performance of the linear approach also depends on the se-
lection of the linearization point, which should ideally be equal
to the unknown initial state. Conventionally, the linearization
point is selected as a homogeneous estimate of the conductivity
of the initial state. However, in practical medical applications,
the initial state is often highly inhomogeneous. Therefore, dif-
ference imaging with linear approach provides only qualitative
information on the conductivity change.

Apart from the linear approach to difference imaging, another
approach to use two measurement sets for estimating the con-
ductivity change is to carry out the absolute reconstructions of
conductivities o; and o9 based on each of the datasets sepa-
rately, and to subtract o7 from oo. The change estimate 6/5 is
often relatively feasible because the artifacts due to the mod-
eling errors are similar in the estimated conductivities &; and
09, and are partly canceled in the subtraction 9 — &1; for an
example, see [18].

In [19], a nonlinear approach to difference imaging was pro-
posed. The approach is based on regularized nonlinear LS frame-
work. The EIT measurements before and after the change are
concatenated into a single measurement vector, and both the
initial conductivity and the conductivity change are simultane-
ously reconstructed based on the combined data. A key feature
of this approach is that the conductivity after the change is pa-
rameterized as a linear combination of the initial state and the
conductivity change. Therefore, it naturally allows for modeling
independently the spatial characteristics of the initial conduc-
tivity (background) and the conductivity change by using dif-
ferent regularization functionals. The approach also allows us
to restrict the conductivity change to a subvolume in a straight-
forward way when the conductivity change is known to occur
in some specific region of interest (ROI) inside the body.

In [20], the tolerance of the nonlinear approach for the mod-
eling errors was studied with 2-D simulations. The quality of
the reconstructions with the nonlinear approach was found to
be superior compared to the conventional linear difference and
absolute reconstructions in the presence of modeling errors re-
sulting from domain truncation, unknown contact impedances,
inaccurately known electrode locations, and inaccurately known
domain boundary.

In this paper, we study the feasibility of the nonlinear differ-
ence reconstruction approach in 3-D difference imaging. The
special focus is in studying the robustness of the approach with
respect to geometrical modeling errors in realistic 3-D geome-
tries related to three potential medical applications of EIT: mon-
itoring of vocal folds in voice loading studies [19], [21], cardiac
imaging [22], [23], and lung imaging [1], [2]. In the simulation
studies of this paper, computerized tomography (CT) images
are used for modeling the geometries of the neck and thorax for
the simulation of the EIT measurement data. The approach is
also tested using experimental EIT data from a thorax-shaped
water tank. In the image reconstruction, approximative geomet-
rical models are used to simulate practical situations where the
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accurate shape of the body is not available. The results are
compared against the conventional linear and absolute recon-
structions.

The rest of this paper is organized as follows. In Section II, a
brief review of the EIT forward model is given. The properties
of the absolute and difference imaging are outlined in Section
III. In Section IV, the target and model domains and simula-
tion of measurements and test cases are explained. Results and
discussion are given in Section V, and conclusion is drawn in
Section VI.

II. EIT FORWARD MODEL

Let Q C R? denote the target domain. In EIT, L contact elec-
trodes are attached to the positions e, C 92 ¢ =1,2,..., Lon
the boundary 0. A set of electric currents is injected into the
body through these electrodes, and the resulting voltages are
measured using the same electrodes. For modeling these mea-
surements, we utilize the so-called complete electrode model
[24], which consists of the following partial differential equa-
tion and the boundary conditions:

V:(o(x)Vu(x)) =0, z€Q )
u(zx) + zo(x) ggf) =U;, z€e,l=1,....L (2
0
/e[o'(x) Zf)dszh, ¢(=1,...,L 3)
AL LLJ e @)
on ’ et !

where o(x) is the conductivity, u(x) is the electric potential
distribution inside the target domain §2, x € (2 is the spatial co-
ordinate, and n denotes the outward unit normal vector on the
boundary 9€2. Contact impedances, electrode potentials, and in-
jected currents corresponding to the electrodes ey, ¢ = 1,..., L
are denoted by z;, Uy, and Iy, respectively. The currents satisfy
the charge conservation law

Mh

Ir=0 (5)
(=1
and a ground level for the potentials can be fixed by
L
Y Ui =o. (©6)
=1

The numerical solution of the model (1)—(6) is often based on
the finite element method (FEM) [6]. In the finite element (FE)
scheme, we write approximations

N,

o(x) = > ordr(z) @)
k=1
N,

u(z) = Z%‘lﬂj (2) ®)
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for the functions o(z) and u(x) in the variational form [25]
of (1)-(6). Here, N, and N, are the numbers of nodes in the
FE meshes that are used for the representations of o(x) and
u(x). Further, ¢, (x) and 9; () are the nodal basis functions
that are used for the conductivity and the potential, respectively.
Then, using a standard Galerkin discretization, the solution of
the forward problem becomes equivalent to solving a system
of linear equations. In the following, we denote the discretized
forward mapping o — U(o) by U(c). For details of the FE
approximation, see [6] and [25].

Using an additive Gaussian model for the measurement errors,
the observation model becomes

V=U()+e )

where V' € RM is the vector including all the measured elec-
trode potentials M = mNj,j, where N;,; denotes the number
of current injections, and m is the number of measured poten-
tials for each current injection. Moreover, e € R is the Gaus-
sian distributed measurement noise e ~ N(e*,T.). The mean
e* € RM and the covariance matrix I'. € RM>*M are usually
estimated experimentally, see [26].

III. IMAGE RECONSTRUCTION
A. Absolute Imaging

In absolute imaging, the (static) conductivity o is recon-
structed by using a single set of measurements V. The most
popular reconstruction method for absolute imaging is the gen-
eralized Tikhonov regularization

6= argmin{ |L.(V = U@)|* +ps (o)} (10)

where L, is a Cholesky factor of the noise precision matrix, i.e.,
LYL, =T, and p, (o) is the regularization functional that
stabilizes the inversion.

B. Difference Imaging

Difference imaging aims at estimating the conductivity
change do between two EIT measurements V; and V5 at time
instants ¢, and t,, respectively. The observation models corre-
sponding to the two EIT measurements can be written as

Vi=U(o)+e
Vo = Uloz) + e

D
12)

where e; ~ N (ef,T'.,), i = 1,2. Notice that typically the noise
is modeled stationary in the sense that ¢] =¢e*,7 = 1,2 and
I'., =T,7 =1,2. This model is also employed in this paper.

1) Linear Approach: In the conventional linear approach to
difference imaging, models (11) and (12) are approximated by
first-order Taylor approximations as

Vi~ Ul(oog) + J(oi —00) + e, i=1,2 (13)
U

where oy is the linearization point, and J = g—a(ag) is the Ja-

cobian matrix evaluated at 0. Using the linearizations and sub-
tracting V) from V5 gives the observation model

0V =~ Jdo + de (14)
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where 6V = V5 — Vi, 00 = 09 — 01, and de = e — e7.
A Tikhonov regularized solution based on the linearized ob-
servation model (14) is of the form

do = argr%l(ifn{HLaewV — J60)||* + pso (0)}. (15)
Here, the weighting matrix L;. is defined as LéTeL(;p, = Fé_el,
where I';., the covariance of the noise term de, is I's. = I'c, +
., =2I..

2) Nonlinear Approach: The nonlinear approach to differ-
ence imaging, proposed in [19], aims at simultaneous recon-
struction of the initial oy and the change do based on mea-
surements V; and V5. The key idea in the approach is that the
conductivity o9 is modeled as a linear combination of the initial
state o7 and the change do. One feature of this parameterization
is that it offers a straightforward way to restrict the conductivity
change do to a ROL if temporal changes are known to occur
only in a subvolume inside the body. Let

supp(do) = Qror € Q

denote the ROI and denote the conductivity change within Qo1
by doro1. Obviously, case Q2ro1 = €2 corresponds to the case
where there is no ROI constraint on the conductivity change.
Then, we write

do = ’C50R01

where K is an extension mapping K : Qo1 — €2 such that

doror, €K
Koomor ROI ROI (16)
0, xe€ Q \ QROI
and the conductivity oy after the change is modeled as
o9 = 01 + Kdoror- (17)

Inserting model (17) into (12) and concatenating the measure-
ment vectors V} and V5 and the corresponding models in (11)
and (12) into block vectors leads to the observation model

‘/1 U(O’]) €1
= + (18)
Vs U(O’l —l—’C(SO’ROI) €9
——
% U(o) e
or
V=U(5)+e (19)
where
_ 01
g = .
doROT
The estimate of & is obtained as
¢ = argmin{|[L:(V - U@))|* +p:(5)}  (20)

s.t.op >0, o1 + Kdoror >0
where L, € R?2M>2M guch that LT L, = I';!and

0nr xar
r., |

re,
Fg -
Onsxns



LIU* et al.: NONLINEAR DIFFERENCE IMAGING APPROACH TO 3-D EIT IN THE PRESENCE OF GEOMETRIC MODELING ERRORS

Fig. 1. Meshes used for numerical studies. Left: meshes of the human neck
domain and thorax domain for simulating measurements. Right: meshes of the
model domains for the inverse computations.

In this paper, the noise statistics are modeled stationary, i.e.,
., =T, =I'.. The regularization functional p, () is defined
as

D5 (0) = Po, (1) + Psoror (00ROT)

which naturally allows designing different spatial models for oy
and do in cases where the spatial characteristics of the initial
state o; and the change o are different. For example, if one
would expect a sharp piecewise regular change 0o and a smooth
initial conductivity o1, p,, (071) could be chosen as smoothness
regularization and ps,,,, (0oro1) as total variation (TV) regu-
larization.

In [20], it was demonstrated that the nonlinear difference re-
constructions tolerate well a variety of modeling errors in 2-D.
In the presence of errors induced by truncation of the model
domain, inaccurately known electrode positions and boundary
shape, as well as unknown contact impedance values, the non-
linear difference imaging was shown to produce better estimates
of the conductivity change than the conventional approaches.

IV. METHODS

In this section, we describe the models used in the simulation
studies, the computed estimates, and the experimental setup.
In the simulation studies, the 3-D geometries correspond to
applications of EIT to glottal, cardiac, and lung imaging. In the
experimental studies, a water tank with human thorax shape is
used.

A. Target and Model Domains

The left column in Fig. 1 shows the FE meshes of the neck
and chest that were used for the simulation of the measurement
data. The geometries of the neck and thorax were obtained from
CT images.

In the neck model, L = 32 disc electrodes with a radius of
0.5 cm were modeled on the boundary 0€2. Electrodes 1 through
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TABLE I
3-D FE MESHES FOR THE TEST CASES

Simulated data Reconstruction

N, N, N, N, Nrot
Case 1 95 620 13270 70 602 8700 2653
Case 2 196 171 25528 64 128 9255 936
Cases 3 and 4 196 171 25528 64 128 9255 9255

Experimental data Reconstruction

Ny N, Nro1
Case 5 48 285 6929 539
Case 6 48 285 6929 785

N, is the number of nodes in the second-order polynomial FE mesh
for approximation of u, , and N, is the number of node points in the
first-order polynomial FE mesh for approximation of o (2). Nro7 is
the number of conductivity nodes in the ROI. Columns 2 and 3 show
the numbers of nodes and elements in the meshes used for simulating
measurements. Columns 4 and 6 show the numbers of nodes and
elements in the meshes for computing the reconstructions (E1)—(E5).

281ina 7 x 4 array were placed on the frontal part of the domain
boundary near the glottal area, whereas the other 4 electrodes
were horizontally placed on the back side of the domain bound-
ary. In the thorax model, L = 32 disc electrodes with a radius
of 0.5 cm were arranged in two horizontal rows of 16 approx-
imately equally spaced electrodes. The locations of electrodes
are indicated by red color in Fig. 1.

To study the effect of modeling errors caused by inaccurately
known shape of the target domain, we used approximate model
domains in the image reconstruction problem. The right column
in Fig. 1 shows the model domains for the neck and chest. For
the neck geometry, the model domain was a cylinder with radius
6.5 cm and height 9 cm. For the chest, an elliptic cylinder with
height 20 cm, semimajor axis 22 cm, and semiminor axis 13 cm
was used as the model domain. Note that both model domains
were also truncated in the z-direction. The discretization details
of the target domain and model domain in each test case are
given in Table I.

To further illustrate the geometrical modeling errors, sets of
horizontal cross sections of the target and model domains are
shown in Fig. 2. The volume of the target domain was 1.9 L for
the human neck and 25.5 L for the thorax, while the volumes of
the respective model domains used in the inverse computations
were 1.2 and 18.0 L.

B. Simulation of EIT Measurements

In the simulation of the EIT measurements, 32 “Skip-3 (for
details, see [27, p. 176]) current patterns were used and the volt-
ages were measured between adjacent electrode pairs, leading to
1024 voltage measurements, that is, V' € R'%24, The amplitude
of the current was 1 mA, and the contact impedances z; were
set to 1002 - cm? for all the electrodes. The conductivities of
the tissues used in the simulations are shown in Table II. The
EIT data were computed using the FEM.

To simulate the measurement noise, Gaussian random noise
with standard deviation 0.05% of the difference between the
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z=2 z=4 z=6 z=8
z=12 z=17 z=22 z=27

0000

Fig. 2. Horizontal cross sections of the target domains, and the boundaries of

the model domains € (9 is shown with solid line) at different heights. Top:
human neck domain. Bottom: thorax domain.

TABLE II
CONDUCTIVITY VALUES USED IN THE SIMULATION [28]

Tissue Conductivity (mS/cm)
Vocal folds 3.6
Soft tissue 2.0
Deflated lung 1.5
Inflated lung 0.5
Collapsed lung 1.0
Cardiac muscle 1.5
Blood 55
Heart (mixture of blood and heart) 3.5

maximum and minimum value of the noiseless voltages was
added to the measurements V; and V5 in each test case. We note
that with this noise model, the variances of the simulated noise
in measurements V5 are not equal to those in V;. When solving
the inverse problem, however, the noise statistics was modeled
stationary, as noted in Section III-B2.

C. Estimates

The following estimates were computed.
El) Absolute reconstructions of o1 and oy by solving

G = argéninO{HLg(Vi —U(oi)|?

+H|Lo (0 — o)}

where o* is the expectation of o; and L} L, = T';!, and
I'; is a smoothness promoting covariance matrix with
elements defined as

lj — e 3

Fo’(jvk):aexp{_ 2b2

} +cdjr. (21
Here, I'; (4, k) is the covariance matrix element (j, k)
corresponding to the conductivities at the nodes in loca-
tions z; and &1, ; a, b, and c are positive scalar parameters,
and J;;, denotes the Kronecker delta function. Param-
eter a can be used to tune the variation (contrast) of
the conductivity, parameter b sets the correlation length
(smoothness) of the model, and c is a small positive
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parameter which is used to guarantee that inverse of I,
exists. For further details, see [29].

From these reconstructions, the estimate/for the con-
ductivity change was simply obtained by o = 69 — 7
[18].

Conventional linear difference reconstruction of éo by
solving

b0 = argmin{|| Ly (8V — J60)||* + || Ls 80|’}
(22)

E2)

where LoTa Ls, = I‘g{} and I';, was constructed by (21).
ROI constrained linear difference reconstruction of
doro1 in the subvolume g1 by solving

E3)

5JQR01 = a‘rgamin {||L56 (6‘/ - JQROI(SUQR()I)”Q

TQR01

+ HLédngOI(SUQROI HZ}

Here, Jouo, = JK. Li,, Loy, = rg(}“w
LPsooyo, = KI5, K.

This estimate was computed as a reference of how the
linear approach performs when a ROI constraint is em-
ployed.

Estimate of 6 = (o], dogog)" with the nonlinear dif-
ference reconstruction

6= argmin {|Lc(V — U(@)|> + ps (o))}

and

E4)

s.t.op >0, o1 + Kdoror >0

with the choice
s (5) = ||Lg, (01 — 0*)|> + TV (boro1)

where o > 0 is a weighting parameter, and

Ne
TV(e) =Y _lex VIVl [P+ 8  (23)
k=1

is a differentiable approximation of the isotropic TV
functional [30], (Vo)|., is the (constant) gradient of the
(piecewise linear) o at element ey, and NN, is the number
of elements in the mesh that is used for the conductivity,
£ > 01is a small parameter which ensures that TV (o) is
differentiable. In all test cases, the subdomain Qgor in
the estimates (E3) and (E4) was the same.
Estimate of 5 = (o], 00" )" with the nonlinear differ-
ence reconstruction in the case where Qror = 2. That
is, estimate (ES) provided a nonlinear difference recon-
struction in a case where no ROI constraints were used.
Here, p5 (5) was chosen as in (E4) (with Qror = ) .
The minimization problems in (E1), (E4), and (ES) were
solved by using the Gauss—Newton method with a line search.

ES5)

D. Prior Parameters

The parameters a, b, ¢ of the covariance (21) and «, 3 of
the TV functional (22) were selected based on simulations. The
values are listed for each of the test cases in Table III. For the
Bayesian interpretation of the parameters of the model (21), see
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TABLE III
PRIOR PARAMETERS AND ROI INFORMATION

Simulated data Experimental data

Case 1 Case 2 Case3 Case4 Case 5 Case 6
a 2.5 1.0 1.0 1.0 1.5x1072 1.5 x 1072
b 1 1.5 1.5 1.5 2 2
c 0.001 0.001 0.001  0.001 1.5x107° 1.5x107°
a 0.04 0.04 0.04 0.04 1.5 1.5
Ié] 0.001 0.001 0.001  0.001 1x107* 1x10°*
hy 1 15 9.5 9.5
ho 6 25 Qror = Q 25.5 25.5
0 3 10 10 10
(zo,y0) (3.25,0) (25,2.5) (—85,-3.5) (-3.5,-5.5)

[31], [32]. For a Bayesian interpretation of the TV model (22)
and for a systematic approach to select the parameter « based
on the expected magnitude of the changes in o, see [33].

In the estimates (E1), (E4), and (ES5), the expectation ™ € R
for the conductivity was computed by solving the best homo-
geneous conductivity estimate using the data V) from the initial
state

0" = argmin||L.(Vi — U(o))|[*
Note that measurements with homogeneous background were
not used in any of the following cases.

In each test case, the ROI in estimates (E3) and (E4) was a
cylinder

Qro1 = Dror x (h1,hy) C R?

where Dror C R? is a disk with center point at (g, o) and
radius 7. The location and size parameters ¢, xg, Yo, h1, and
hy of the ROIs can be found in Table III.

E. Simulation Examples

To study the performance of the nonlinear approach in real-
istic 3-D geometries, the following four simulation cases were
carried out. In each test case, two measurement sets were sim-
ulated: V; corresponding to an initial conductivity o; and V3
corresponding to conductivity o9 after the change.

1) Case 1: Glottal imaging with EIT. In this test case, the
initial state o; simulates a case where the glottis is closed
by holding breath, and the conductivity after the change
o corresponds to a case where the glottis is partially open,
forming a nonconductive strip within the glottis.

2) Case 2: Cardiac imaging with EIT. The initial state o,
simulates a heart in the end-systolic phase, and the con-
ductivity after the change oo simulates the heart in the
end-diastolic phase. Notice that the model is ideal in the
sense that there is no change of shape of the thorax and
the conductivity of the lungs. However, in a practical situ-
ation, one could avoid significant changes of the subject’s
thorax shape and the conductivity of the lungs by asking
the subjects to inspire and then hold their breath for a short
measurement time.
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Fig. 3. Study of the lung imaging with a shape change of the thorax in
Case 4. Horizontal cross section of the model domain (aQ is shown with
solid line) and the target domain 2 (shown as gray patch). Left: thorax at
the end-inspiration phase. Middle: thorax at the end-expiration phase. Right:
the change of the thorax shape (shown as black patch). When the thorax is in the
end-expiration phase, the volume of the thoracic cavity and the size of a lung
decrease by 4.15% and 15%, respectively.

3) Case 3: Lung imaging without a change of the thorax
shape. In the simulation, the initial state o; corresponds
to the end-inspiration phase, and the conductivity after the
change o9 corresponds to the end-expiration phase. This
test case was done to produce a reference case of lung
imaging, where the geometric modeling errors between
the initial state and the state after the change are invariant
in the sense that the geometry is the same in both V; and
Va.

4) Case 4: Lung imaging with a change of the thorax shape.
In clinical situations, the thorax shape varies due to breath-
ing and changes of the patient position during the mea-
surements. For this reason, we simulate a more realistic
case in lung monitoring, where the shape changes due to
breathing, leading to a situation where all the estimates
(E1-ES5) are more prone to the modeling errors since the
(unknown) body geometry in V; and V5 is not the same.
The change of the thorax shape is simulated by linear
movement and deformation of the front part of the chest,
leading to 4.15% change in the volume of the thoracic
cavity and 15% change in the lung volume between the
initial state and the state after the change, see Fig. 3.

Again, we note that Case 3 where chest shape does not change
between states o and o9 is not a realistic one. The reason for
considering both Case 3 and Case 4 is to study separately the
effects of modeling errors that are equal between the two states
and the errors that vary between the states.

In Case 4, the 4.15% volume change of thoracic cavity is
simulated by lengthening the chest dimension in the anterior—
posterior direction by 5%. We assume this to correspond to
a case of normal/light breathing—according to the literature
[11], [34], the maximal extension of the chest dimension in the
anterior—posterior direction is 10%. Moreover, the simulations
model cases where 3/4 of the lung volume is collapsed, and in
the inspiration the lung size is increased by 15%, which is about
1/4 of a typical volume change in a healthy lung [35].

F. Experimental Setup and Test Cases

The experimental data (Cases 5 and 6) was measured from a
human thorax-shaped water tank, see Fig. 4. L = 48 disc elec-
trodes with a radius of 1.5 cm were arranged in three horizontal
arrays; 16 approximately equally spaced electrodes per array.
The outer circumferences of the top, middle, and bottom lay-
ers of electrodes were 107, 111, and 115 cm, respectively. The
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Fig. 4. Measurement tank. Left: the top view. Middle: the front view. Right:
the side view.

space between the top and the middle layers was 5.2 cm, and
the space between the middle and the bottom layers was 5.0 cm.

In both experiments, the tank was filled with tap water. In
Case 5, two plastic rectangular cuboids were placed in the tank
to create a nonhomogeneous background conductivity o;. For
the state after the change oy, a plastic equilateral triangular
prism was added to the tank, see the left column of Fig. 9.
Thus, in Case 5, the contrast of the conductivity change was
high. In Case 6, a low contrast conductivity change was studied.
One plastic rectangular cuboid was placed in the tank to create
nonhomogeneous o, and for o9, an approximately triangular
prism-shaped piece of fresh rutabaga was added to the tank.
The water content of a fresh rutabaga is higher than 80%, and
its conductivity is close to the background (water) conductivity.

The measurements were carried out with the KIT-4 mea-
surement system [36]. Sixteen electrodes {1,5, 9, 13, 18, 20, 22,
24,26, 28, 30, 32, 35, 39, 43, 47} were selected as the current in-
jecting electrodes. In the EIT measurements, the frequency of
the injected current was set to 10 kHz and the amplitude was 1
mA, and pairwise current injections were applied, in such a way
that one electrode was fixed as the sink electrode and then ap-
plying pairwise currents sequentially between the sink electrode
and each one of the 15 remaining injection electrodes.

This process was repeated using electrodes {1,9, 35,43} as
the sink, leading to a total of 60 current injections. Correspond-
ing to each current injection, the potentials on all 48 elec-
trodes were measured. With this measurement protocol, one
measurement frame consists of 2880 potential readings (i.e.,
V; c RQSSO)'

V. RESULTS AND DISCUSSION

The true conductivity distributions and the estimates (E1)—
(ES5) for the simulated test cases are shown in Figs. 5-8. In
each of these figures, the top three rows show the horizontal
cross sections of the true conductivity distributions and the cor-
responding estimates, while the bottom three rows show the
vertical cross sections of the true conductivity distributions and
the corresponding estimates. In Figs. 5-8, the images of the
conductivity changes do are highlighted with dashed boxes be-
cause the main interest in this study lies in the reconstruction
of do. In the estimates (E3) and (E4), the boundary of the ROI
is indicated by a black line. In the estimates (E4) and (ES), the
conductivity after the change is computed from the estimated
parameters (57, SG'RQI) as

09 = 01 + Kdoror-
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(E2) (E3) (E4) (E5)

Fig. 5. Case 1: Horizontal and vertical cross sections of the neck with sim-
ulated conductivity distributions and the reconstructions obtained by estimates
(E1)—(ES) described in Section IV-C. The dashed boxes highlight the true and
estimated conductivity change do. (E4) and (ES5) are the nonlinear difference
reconstructions with and without ROI constraint, respectively.

To assess quantitatively the recovery of do in the estimates
(E1)—(ES), a relative size coverage ratio (RCR) was used to
measure how well the volumes of inclusions were recovered:

CR
CRTruc

where CR denotes the coverage ratio defined as the ratio of the
volume of the inclusion to the total volume of the target

RCR =

Inclusion volume

CR = x 100%.

Target volume

Correspondingly, CRy, is the CR of the true target. For esti-
mating the volume of the inclusion, we used the half value of
the minimum/maximum of the estimate d¢ as the threshold for
the inclusion detection [37], [38].

Further, the maximum/minimum of the reconstructed change
was used to measure the accuracy of the recovered contrast. The
contrasts of the reconstructed conductivity changes are tabulated
in terms of a relative contrast (RCo)

RCo — max|ga\ .

max |00 ye|

The relative quantities RCR and RCo are used here instead of the
respective quantities CR and max|ga| to ease the comparison
of the values in Table IV. For both RCR and RCo, value 1
would indicate exact match of the true and estimated values of
the change, while a value greater or less than 1 would indicate
overestimation or underestimation, respectively.

A. Case 1: Glottal Imaging With EIT

Fig. 5 shows the results of Case 1. The reconstructions of the
absolute conductivities o; and o9 with (E1) are heavily affected
by the geometric modeling errors. The subtraction 69 — &7 re-
moves only part of the artifacts, leading to erroneous estimate
of do. In the conventional linear estimate (E2), the change is
recovered relatively well, and the RCR is already much closer
to the true value than in (E1), see Table IV. However, (E2)
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TABLE IV
RCRS AND THE RCO VALUE OF THE RECONSTRUCTED CONDUCTIVITY
CHANGE do

Simulated data Experimental

data

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

RCR RCo RCR RCo RCR RCo RCR RCo RCR RCR

(True) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

(E1) 491 115 217 035 020 196 026 142 129 2.15
(E2) 1.77 131 230 020 039 259 041 206 0.96 0.49
(E3) 032 263 137 037 - - - - 0.91 0.72
(E4) 086 1.12 053 1.23 - - - 0.99 0.75
(ES) 091 111 053 1.14 097 098 0.69 0.87 1.12 0.95

(E4) and (ES5) are the nonlinear difference reconstructions with and without ROI con-
straint.

True (E1) (E2) {E3) (E4) (E5)

Fig.6. Case 2: Horizontal and vertical cross sections at the level of z = 20 cm
and y = 10 cm, respectively. The true conductivity (top row) and the estimates
(E1)—(ES) described in Section IV-C. The dashed boxes highlight the true and
estimated conductivity change do. (E4) and (E5) are the nonlinear difference
reconstructions with and without ROI constraint, respectively.

overestimates the contrast of o quite heavily, RCo being 1.31.
The estimate (E3) is more affected by the modeling errors than
(E2). This behavior can be explained by the fact that in the
ROI constrained linear approach, the effects of modeling errors
which do not cancel out in the subtraction V5 — Vi, are prop-
agated into a smaller dimensional subspace than in the whole
domain estimate (E2), leading to heavy artifacts in the ROI.

The estimates (E4) and (E5) based on nonlinear difference
imaging lead to the most accurate reconstructions of the con-
ductivity change §0—RCR and RCo being, respectively, 0.86
and 1.12 for the estimate (E4), and 0.9 and 1.11 for (ES). It is
worth noticing that in (E4) and (ES), the reconstructed conduc-
tivity change do is feasible although the reconstructed conduc-
tivity distributions o; and o9 are heavily biased (see Fig. 5). As
pointed out in [20], this results from the parametrization used
in (E4) and (E5): When modeling errors remain unchanged
between observations V and V5, the errors caused by the mis-
modeling are absorbed by the estimate of o, which consists
of the parameters that are common for the models of both V)
and V5.

B. Case 2: Cardiac Imaging With EIT

The results of Case 2 are shown in Fig. 6. The conductiv-
ity change can be detected in all the estimates (E1)—(ES), and
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Fig. 7. Case 3: Lung imaging without a shape change of the thorax. Horizon-
tal and vertical cross sections at the level of z = 22.5 cm and y = —8.5 cm,
respectively. The true conductivity (top row) and the estimates (E1), (E2), and
(ES) described in Section IV-C. The dashed boxes highlight the true and esti-
mated conductivity change do. (ES) is the nonlinear difference reconstructions
without ROI constraint.

True (E1) (E2) (E5)
. ‘.J s H %, u
y -
® ﬂ'}-. 2a P ,; 2
- @ & | @ |

Fig. 8.
in Fig. 7.

Case 4: Lung imaging with a change of the thorax shape, otherwise as

qualitatively all the estimates of the conductivity change are
free of significant reconstruction artifacts. Estimates (E1)—(E3)
overestimate the size of the change do, and in the estimates (E4)
and (EY), the size is underestimated. However, the quantitative
contrast is again clearly the best in the nonlinear estimates (E4)
and (ES), see Table IV.

C. Cases 3 and 4: Lung Imaging With EIT

In the lung imaging (Cases 3 and 4), we only considered the
whole domain estimates (El), (E2), and (ES), since the ROI
would cover a significant part the overall volume of the chest,
and in the Case 4, where the chest deformation between the
states is included in the simulation, the selection of the ROI
would be somewhat ambiguous.

Fig. 7 shows the results of Case 3 where the shape of the chest
does not change between the states. The conductivity change can
be detected in all the estimates (E1), (E2), and (ES). However,
the CRs and the RCo are clearly the best in the estimate (ES),
see Table IV.

The results of Case 4 are shown in Fig. 8. As expected,
the reconstructed conductivity changes in all the estimates are
worse compared to Case 3, due to the change of the chest shape
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(E3} (Ed) {ES}

Fig. 9. Case 5: The measurement phantom and the reconstructions obtained
by estimates (E1)—(E5) described in Section I'V-C with real data. (E4) and (ES)
are the nonlinear difference reconstructions with and without ROI constraint,
respectively.

between the measurements V; and V5. However, the perfor-
mance of the approaches compared to each other remains similar
to the more ideal case 3; the estimate (ES) gives again quanti-
tatively the most accurate reconstruction of the conductivity
change.

In overall, the results of the simulated test cases indicate that
the nonlinear approach improves the accuracy of the estimates
of o compared to the linear approach, and that the approach
tolerates inexact knowledge of the body shape at least to the
same extent as the linear approach. The result of Case 4 indicates
that this also extends to the cases where the modeling errors are
not invariant between the states.

D. Reconstructions Using Experimental Data

In the reconstructions, an elliptic cylinder with height 30 cm,
semimajor axis 21 cm, and semiminor axis 16 cm was used
as the geometry in inverse computations. The initial guesses of
Oglob € R and 2101, € R for the water conductivity and contact
impedances were computed by solving

(Gutons zeton]” = arg min (1L (Vi = U (e 2))]1%

In both experimental cases (Cases 5 and 6,), the estimated wa-
ter conductivity was oy, = 0.18 mS - cm~!. The estimated
contact impedance was 2o, = 5502 - cm? in Case 5, and
Zglob = 4432 - cm? in Case 6.

Figs. 9 and 10, respectively, show the results of Case 5 and
Case 6 described in Section IV-F. The CRs of the estimates are
tabulated in Table IV. Contrast estimates were not available for
the real data, since exact values for the conductivities of the
plastic objects and rutabaga were not known.

In Case 5 (see Fig. 9), the conductivity change was detected
in all the estimates (E1)—(ES), despite the significant error in
the shape of the domain model. Based on a visual assessment,
estimate (E4) leads to the best reconstruction of jo—the shape
of the resistive inclusion is detected relatively well and the re-
construction of Jo is free from major artifacts. Estimate (E4)
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True (E1) (E2) (E3) (E4) (ES)

048

o

Fig. 10. Case 6: The measurement phantom and the reconstructions obtained
by estimates (E1)—(ES) described in Section I'V-C with real data. (E4) and (ES)
are the nonlinear difference reconstructions with and without ROI constraint,
respectively.

also results in the CR closest to the true value, RCR being 0.99,
see Table IV.

Also, in Case 6 (see Fig. 10), all estimates (E1)—(ES), are
able to detect the conductivity change do in the location of the
rutabaga, although the contrast of the inclusion with respect
to the background is much smaller than in Case 5. The recon-
structions show that the conductivity of the rutabaga is slightly
higher than the background conductivity, thus resulting in a pos-
itive change of the conductivity. Based on a visual assessment,
(E2) and (E4) give the best reconstruction of do. Further, esti-
mate (E4) leads to a CR closest to the true value, RCR being
0.75, see Table IV.

VI. CONCLUSION

In this paper, we applied the recently proposed nonlinear
difference imaging approach to 3-D EIT in the presence of geo-
metrical modeling errors. In the nonlinear approach, the conduc-
tivity after the change is represented as a linear combination of
the (unknown) initial conductivity and the conductivity change,
and the EIT inverse problem is formulated as simultaneous re-
construction of the initial conductivity and the change based on
the EIT datasets collected before and after the change. The ap-
proach allows the use of different spatial models for the initial
conductivity and the change by different regularization func-
tionals, and also the use of a ROI constraint for the conductivity
change.

The feasibility of the nonlinear approach was evaluated in
geometries related to three potential medical applications of
EIT: glottal, cardiac, and lung imaging. The performance of the
nonlinear approach was studied by simulations and experimen-
tal data from a laboratory setup. The results were compared
against the reconstructions of the conductivity change with sep-
arate absolute reconstructions and conventional linear recon-
struction. The results demonstrate that the nonlinear difference
reconstructions tolerate significant geometrical modeling errors
at the least to same extent as the conventional linear approach
and produce quantitatively more accurate reconstruction of the
conductivity change. The result of this paper suggests that the
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nonlinear approach could be used to improve the accuracy and
specificity of EIT in the medical applications.
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