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Abstract—Microwave imaging of the human head for stroke
detection is demonstrated using the finite-element contrast source
inversion method with enhanced discretization of the contrast-
source variable. The linear basis functions used in the new
discretization lead to a simple implementation of higher accuracy
compared to discretizations wherein the contrast source variable
is assumed to be constant over each tetrahedron of the 3D finite-
element mesh. These advantages are particularly important for
stroke imaging because of the highly inhomogeneous nature of
the human head. Results using synthetic data obtained from a
realistic numerical model of the head show promise for stroke
detection.

Index Terms—brain stroke, microwave imaging, contrast
source inversion method, finite element method.

I. INTRODUCTION

There has been an increasing interest in potential uses
of Microwave imaging (MWI) in the medical field mostly
because of its portability, low cost, safe use of non-ionizing
radiation, and non-invasiveness. It has been applied e.g. for
breast cancer diagnosis [1] and for brain stroke detection [2],
[3]. The MWI working principle is the presence of a dielectric
contrast between the healthy tissues and affected ones at
microwave frequencies. For the solution of the resulting ill-
posed inverse problem, the contrast source inversion (CSI)
method can be used to quantitatively reconstruct the dielectric
properties in the domain of interest (DoI) [4].

CSI is a optimization-based algorithm that minimizes a
specially formed functional in the contrast and contrast-source
variables. Here, the CSI algorithm works in combination with
a finite element method (FEM) solver [5] that discretizes the
whole volume with an unstructured and non-uniform mesh.
This allows us to model the complete antenna geometry
including the coaxial feed-port [6] within the synthetic envi-
ronment, leading to a more realistic simulated scenario. It also
allows us to include an inhomogeneous numerical background
in the inversion model (similar to the procedure described in
[7], [8]).

Although the field quantities use linear edge elements, FEM-
CSI was originally formulated using pulse basis functions for
the contrast and contrast-sources in the FEM mesh [9], [10].
Here, the aim is to present an alternative discretization, that
is obtained using the basis functions of the field, also for the
contrast source variable. For a simplified scenario, preliminary
results are reported in [11], in which there was a comparison
between the standard implementation [12] and the proposed

one, through an accuracy analysis of the CSI variables dis-
cretization. Here, instead, the proposed CSI implementation is
applied to reconstruct the dielectric properties of an ischemic
and a hemorrhagic stroke within a 3-D multitissue head model.

The paper is organized as follows. In Sect. II there is a
description of the system and the head phantom model, while
Sect. III contains the description of the proposed discretization
applied to the CSI method. Then, some numerical results are
reported in Sect. IV and, finally, the conclusions and future
developments are in Sect. V.

II. MICROWAVE IMAGING SYSTEM

In this work, the MWI system comprises an array of 24
antennas that surround the head with a helmet configuration,
as depicted in Fig. 1. The antennas are low-weight and flexible
and they act as both receiver and transmitter, with a working
frequency of 1GHz [6].

The MWI system is applied to a numerical 3-D anthropo-
morphic phantom belonging to the national library of medicine
[13] and obtained via analysis of cross-sectional cryosection
of a human man and a human female body, available at [14].
The phantom composition is shown in Fig. 2 with the dielectric
properties (permittivity ϵr and conductivity σ) at 1GHz.

Fig. 1. MWI system: antennas’ array with a helmet configuration.

III. IMPROVED CONTRAST SOURCE INVERSION METHOD

The CSI method is an iterative algorithm that minimizes the
so-called CSI cost functional. At each iteration, two variables
are updated: the dielectric contrast χ(r) and the contrast
source ωt(r). The first is the contrast between the complex



Fig. 2. Anthropomorphic 3-D head model with the permittivity ϵr and
conductivity σ of each tissue at 1 GHz [13].

permittivity of the background scenario ϵb(r) and the scenario
under test ϵ̃(r), where r is the position vector in the DoI:

χ(r)
∆
=

ϵ̃(r)− ϵb(r)

ϵb(r)
. (1)

The second variable defines equivalent sources in the DoI,
that are dependent on the transmitting antenna t. It links the
dielectric contrast χ(r) with the total field Etot

t (r), when the
antenna t transmits:

ωt(r)
∆
= χ(r)Etot

t (r), (2)

The whole volume Ω is discretized using N tetrhaedral
elements and the absorbing boundary conditions are imposed
on the external surface of Ω. The field is written as a linear
combination of curl-conforming linear basis functions, Ne(r),
associated with each edge e of the mesh as:

Etot
t (r) ∼=

E∑
e=1

Etot
t,eNe(r) (3)

where E is the total number of edges in the mesh.
In the new discretization, the contrast-source variable and

the field are written with the same vector basis, so that ωt(r)
can be written as linear combination of a new vector basis
functions:

ωt(r) =

N∑
n=1

6∑
f=1

ωt,(n,f) Ñn,f (r). (4)

where f = 1, ..., 6 is the local index for the edges belonging
to the n-th tetrahedron, Ñn,f (r) is the vector basis function
associated to the edge f within the n-th tetrahedron and
ωt,(n,f) are scalar unknown coefficients. This basis function is,
in fact, part of the basis function Ne(r): Ñn,f (r) has a domain
corresponding to just one of the tetrahedra containing the
considered edge. The leading benefit of this new discretization
is that the update of the contrast-source variables can be
applied just to the scalar coefficients ωt,(n,f), preventing the
use of dyadic operators, as well as vectors matrices and
arrays, and making the implementation more straightforward.
Moreover, the contrast-source variable keeps the same degree
of variability of the discretized field, i.e. linear. Note that
using this basis function, each tetrahedron can be represented
as having a contrast source that is discontinuous from any
of its neighbouring tetrahedra. This allows us to accurately

Fig. 3. CSI method results after 60 iterations. All the graphics are cut
along x = 0 and the expected stroke perimeter is shown in black. First
row: ischemic stroke, left permittivity and right conductivity. Second row:
hemorrhagic stroke, left permittivity and right conductivity.

model highly inhomogeneous regions, as in the case of the
head model being considered.

IV. NUMERICAL RESULTS

The new contrast source discretization is here applied for
the 3-D scenario in Fig. 2. In particular, we created two test
cases with exactly the same realistic shape of the stroke, but
different typology, i.e. ischemic or hemorrhagic. The analysis
has been realized with a frequency equal to 1GHz and with
the following dielectric properties for the two kinds of strokes:
ϵisch = 36.00 and σisch = 0.72S/m in the ischemic case,
and ϵhem = 63.41 and σhem = 1.58S/m in the hemorrhagic
one [15]. The whole domain is discretized through tetrahedral
elements with a mesh size of the order of λ/15, considering
a background medium with dielectric properties equal to the
mean of all the tissue dielectric properties involved in the
healthy head (ϵmean = 45.37 and σmean = 0.77S/m).
In the simulated environment, the whole antennas and the
corresponding coaxial ports are completely modelled. In order
to prevent the inverse crime, we use a different mesh for the
generation of the scattering parameters at the antennas’ ports
and the computation of the incident field and the CSI method
operator. The initial guess of the CSI algorithm is calculated
through back-propagation [4], [16]. In Fig. 3, reconstructions
of the relative permittivity and conductivity distribution after
60 iterations for the ischemic and the hemorrhagic stroke case
are shown. In these figures, x=0 plane of the DoI is shown
and the perimeter of the expected stroke is shown in black.
The algorithm is able to identify the correct position of the
stroke, especially in the permittivity distributions. Also, it
correctly identifies the sign of the contrast that is negative,
in the ischemic stroke, and positive, for the hemorrhagic one.

V. CONCLUSION AND PERSPECTIVES

In this paper, an alternative method to discretize the con-
trast source variable has been presented. It allows develop



the complete CSI method procedure using scalar quantities,
leading to a straightforward implementation. We have reported
the performances of the proposed algorithm in a realistic 3-D
scenario in a multitissue head phantom. The two test cases
have the same shape and position of the stroke, but different
typology (ischemic and hemorrhagic). The results have shown
that the algorithm is able to identify the stroke location in both
the tests and also the sign of the dielectric contrast inside the
stroke.

Future development deals with the use of the developed
imaging algorithm with measured data obtained via the MWI
system in [2] applied to a multi-tissue head phantom.
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