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Abstract

We consider microwave imaging of pulmonary edema which
is a critical medical condition which manifests itself as a wa-
ter accumulation in the human lungs. In order to detect wa-
ter accumulation in the human lungs, we implement a mi-
crowave inversion scheme based on Born iterative method
(BIM). To that end, a realistic human torso phantom is
used and dielectric parameters of tissues and organs are es-
timated via Cole-Cole model at desired frequency. Then,
scattered electric field is calculated synthetically by method
of moments. Simulations are performed at 350 MHz and
the region between phantom and antennas are surrounded
by a dielectric material with a permittivity of 30. In the nu-
merical results section, performance assessment of BIM is
carried for two cases. The numerical results suggest that
the BIM is capable of imaging water accumulation in the
human lungs.

1. Introduction
According to World Health Organization (WHO), cardio-

vascular diseases (CVDs) are the most common cause of mor-
tality and around the world over 17 million humans have died
from CVDs in 2015. Increased blood pressure in the heart
causes fluid accumulation in the air sacs of lungs and this patho-
logical process is termed as pulmonary edema (PE). For this
reason, monitoring of PE can be useful for early detection of
hearth diseases.

In the literature, various methods have been proposed for
detection of fluid accumulation in the air sacs of lung. Some
of these methods provide information about presence of wa-
ter without detecting its location, the other ones are capable of
monitoring both the presence and the location of water accumu-
lation. In [1], lungs are simply modeled with two sponges and
presence of water is detected via utilization of changes of stand-
ing waves on the source. In another study, body area network-
ing technologies are considered to estimate the average dielec-
tric properties of lungs for detecting water accumulation [2].
Moreover, an audio signal based prototype is developed for de-
termining fluctuation of water accumulation in a phantom [3].

All aforementioned studies are focused on determining the
presence of water accumulation in the lungs. In recent years,
two different approaches are commonly used for not only de-
tecting the presence but also monitoring the location of water
accumulation in lungs. In the earlier studies [4, 5], Electric
Impedance Tomography (EIT) is preferred for acquiring images
of the lungs. EIT systems are based on modeling of the tissues
with lumped element approach. Afterwards, microwave imag-
ing techniques have become quite popular with low operating
costs, being harmless and being suitable for mobile applications

Figure 1. Simulation setup of human torso with the water accu-
mulation. Antennas are depicted with asterisks. Ψ and Γ stand
for investigated domain and circular measurement surface, re-
spectively.

as compared to conventional medical imaging methods such as
MRI, CT, PET and X-ray [6].

In this study, our aim is to demonstrate the capability to
detect the water accumulation in the human lungs via Born It-
erative Method (BIM), which is a well-established microwave
imaging method. The BIM is applied in order to image wa-
ter accumulation in a realistic human torso phantom. BIM is a
fast converging iterative method and utilize the Born approxi-
mation. Through this procedure, the contrast function, which
indicates the dielectric profile of tissues and organs, is recon-
structed. Numerical simulations suggest that this microwave
inversion method can be efficiently implemented in order to de-
tect and to locate PE.

2. Formulation of the Problem
In order to monitor the pulmonary edema realistically in a

human being, a 3-D human phantom composed of transmission
computerized X-ray tomography images is used. A living adult
male is used as a model for this phantom and the phantom can
be reached in [7]. The phantom consists of 128×128×243 im-
ages and a slice from upper part of torso is taken for performing
simulations. The slice that we considered contains lungs, heart,
esophagus, bone marrow, spinal cord, spine, rib cage, sternum,
skin and skeletal muscles. In order to detect pulmonary edema,
water accumulations are added inside the lungs. A mass of skin
and skeletal muscles prevent electromagnetic waves to propa-



Table 1. 4-th order dielectric relaxation parameters of human tissues and organs in the torso.

Tissue ε∞ ∆ε1 τ1(ps) α1 ∆ε2 τ2(ns) α2 ∆ε3 τ3(µs) α3 ∆ε4 τ4(ms) α4 σ
Lung 2.5 18 7.96 0.1 500 63.66 0.1 2.5×105 159.15 0.2 4×107 7.958 0 0.03
Heart 4 50 7.96 0.1 1200 159.15 0.05 4.5×105 72.34 0.22 2.5×107 4.547 0 0.05

Esophagus 4 50 7.23 0.1 7000 353.68 0.1 1.2×106 318.31 0.1 2.5×107 2.274 0 0.2
B. Marrow 2.5 3 7.96 0.2 15 15.92 0.1 3.3×104 159.15 0.05 1×107 7.958 0.01 0.01

S. Cord 4 32 7.96 0.1 100 7.96 0.1 4×104 53.05 0.3 3.5×107 7.958 0.02 0.02
Spine 2.5 18 13.26 0.22 300 79.58 0.25 2×104 159.15 0.2 2×107 15.915 0 0.7

Sternum 2.5 10 13.26 0.2 180 79.58 0.2 5×103 159.15 0.2 21×105 15.915 0 0.02
Water 4.74 68.69 6.69 0 1.48 0.0015 0 0 0 0
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Figure 2. Pulmonary edema is occurred in the left lung. (a) Real value of actual contrast function, (b) imaginary value of actual contrast
function and (c) absolute value of actual contrast function of human torso. (d) Real value of retrieved contrast function, (e) imaginary
value of retrieved contrast function and (f) absolute value of retrieved contrast function via BIM at 350 MHz. The relative dielectric
permittivity of matching medium between phantom and antennas is εb = 30.

gate through the lungs therefore, for the sake of clarity, skin and
skeletal muscles are extracted from phantom data. Location of
antennas, phantom details and defined domains can be clearly
seen in Fig.1. The time dependency of e−iwt is assumed and
omitted throughout the paper.

Multiple Cole-Cole model is used for determining dielectric
properties of these biological tissues. This N-th order model
reveals relative dielectric constant and conductivity of tissues
and organs at the desired frequency as in [8],

ε̂(w) = ε∞ +

N∑
n=1

∆εn
1 + (−jwτn)(1−αn)

− σ

jwε0
(1)

where ε∞, ∆εn, τn, αn, σ and ε0 stand for permittivity at in-
finite frequency, magnitude of dispersion, relaxation time con-
stant, distribution parameter, static conductivity and permittiv-

ity of free space, respectively. Angular frequency is denoted by
w. The parameters of biological tissues and organs are taken
from [8] and parameters of water are taken from [9]. These
parameters are represented in Table 1 for 4-th order Cole-Cole
model. Then, method of moment is implemented in order to
calculate scattered field from phantom by using the technique
proposed in [10]. Transverse magnetic (TM) line sources are
used for excitation.

3. Quantitative Microwave Inversion
Method

The aim of quantitative microwave inversion methods is to
detect objects in the investigated domain by retrieving contrast
function χ. Born Iterative Method (BIM) is one of these meth-
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Figure 3. Pulmonary edema is occurred in the right lung. (a) Real value of actual contrast function, (b) imaginary value of actual
contrast function and (c) absolute value of actual contrast function of human torso. (d) Real value of retrieved contrast function, (e)
imaginary value of retrieved contrast function and (f) absolute value of retrieved contrast function via BIM at 350 MHz. The relative
dielectric permittivity of matching medium between phantom and antennas is εb = 30.

ods and estimates contrast function by solving an integral based
system. The well established iterative scheme of BIM is first
presented in [11] for the 2-D TM case. For the sake of simplic-
ity, TM incident line sources are considered in this study.

BIM determines contrast function of scatterers by measur-
ing scattered field in the observation domain Γ and by calculat-
ing incident field in the investigated domain Ψ in a way similar
to the other microwave inversion methods. The symbolical rep-
resentation of scattered field Us can be formulated as,

Us = GΓχU
t (2)

and (2) is called as the data equation in microwave inverse the-
ory. Another significant equation which is called as the object
equation based on calculating total field U t is given as,

U t = U i +GΨχU
t (3)

Here GΨ and GΓ are integral operators with respect to domain
Ψ and Γ, U i stands for incident field. These integral operators
are defined as,

GΨ,Γχ(ρ′)U t(ρ′) =

∫
Ψ,Γ

g(ρ, ρ′)χ(ρ′)U t(ρ′)dv(ρ′) (4)

where ρ and ρ′ denote source point and observation point, re-
spectively and g stands for 2-D scalar Green’s function. Basi-
cally, BIM aims to solve following minimizing function to re-

construct electrical profile of objects,

χn+1 = argmin

J∑
j=1

‖Usj −GΓχnU
t
j,n‖2Γ

J∑
j=1

‖Usj ‖2Γ
(5)

where ‖·‖Γ indicates L2 norm on domain Γ, J and n stand for
total number of transmitting antennas and iteration count, re-
spectively. Initial guess may be chosen χ0 = 0 for the contrast
function but other predictions are also acceptable. In this study,
initial value of contrast function is calculated by solving (5) un-
der Born approximation. Born approximation states that if the
object is a weak scatterer, scattered field becomes much smaller
than the incident field on the object, therefore, total field may
be assumed to be equal to the incident field on the object.

4. Numerical Results
In order to assess the performance of BIM algorithm to de-

tect pulmonary edema, two simulation examples are carried out.
First, the case of water accumulation occurred in the left lung is
considered. Afterwards, the position of water accumulation is
shifted to right lung. The operating frequency is selected as 350
MHz which is acceptable in medical microwave applications for
getting accurate results. Likewise, we consider that the medium
between antennas and phantom is filled a non conductive dielec-
tric material. The main advantages of using matching medium
with relative dielectric constant of 30 is letting electromagnetic
waves propagate into the inner parts of the lungs. Otherwise, the
effects of inner parts on the scattered field can not be observed.



The water accumulation with circular shape has a radius of
3 cm and it is centered at x = 8 cm and y = 0 cm for the
first measurement. The real, imaginary and absolute values of
the complex dielectric permittivity of all tissues and organs in
the phantom are shown in Fig 2(a)-(c), respectively. The water
has the highest real dielectric permittivity value and the low-
est complex dielectric permittivity value with respect to other
tissues and organs. The reconstruction of the real part for the
first simulation is demonstrated in Fig. 2(d) and it can be com-
mented that the water region can be seen in phantom area. It
can be also said that the presence of high dielectric and conduc-
tive tissues and organs masks the contribution of the water to
the contrast function χ. Imaginary and absolute values of re-
constructed χ are depicted in Fig 2(e)-(f), respectively. In the
second simulation, the center of water accumulation shifts to
x = −8 cm and y = 0 cm. Actual and reconstructed results
are represented in Fig. 3 for second simulation setup. After the
position change of the water accumulation, same results are ob-
tained and the comments for the first simulation setup can be
reiterated.

5. Conclusion
In this study, a microwave inversion technique named Born

iterative method is applied in order to monitor water accumu-
lation in the human lungs. For this purpose, a realistic human
torso phantom is considered and the scattered electric field cal-
culated synthetically via method of moments. Electrical proper-
ties of tissues and organs are calculated using Cole-Cole model
at desired frequency. Two scenarios with edema at different
positions are carried out in order to test the inversion algo-
rithm. The reconstructed results are partly promising while
proper matching medium is chosen. This study can be extended
to 3-D realistic human phantom and finally experimental data
can be implemented to inversion algorithms.
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