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Abstract— Stroke has become one of the leading causes of
mortality worldwide and about 800 in every 100,000 people
suffer from stroke each year. The occurrence of stroke is
ranked third among the causes of acute death and first among
the causes for neurological dysfunction. Currently,
Neurological examinations followed by medical imaging with
CT, MRI or Angiography are used to provide better
identification of the location and the type of the stroke, however
they are neither fast, cost-effective nor portable. Microwave
technology has emerged to complement these modalities to
diagnose stroke as it is sensitive to the differences between the
distinct dielectric properties of the brain tissues and blood. This
paper investigates the possibility of diagnosing the type of
stroke using Finite Element Analysis (FEA). The object of
interest is a simulated head phantom with stroke, created with
its specifying material characteristics like electrical
conductivity and relative permittivity. The phantom is then
placed in an electromagnetic field generated by a dipole
antenna radiating at 1 GHz. The FEM forward model solver
computes the scattered electromagnetic field by finding the
solution for the Maxwell’s wave equation in the head volume.
Subsequently the inverse scattering problem is solved using the
Contrast Source Inversion (CSI) method to reconstruct the
dielectric profile of the head phantom.

Keywords— Stroke diagnosis, Microwave imaging, Finite
Element Modeling, Maxwell’s wave equation.

I. INTRODUCTION

Stroke also known as Cerebrovascular Accident (CVA), is
a condition in which the blood flow to a part of the brain is
stopped. This is caused either by rupture of an artery leading
to a shemorrhagic stroke or obstruction to the blood flow in
the brain causing ischemic stroke. If the blood flow is
blocked for more than a few seconds the brain cells start to
die due to lack of oxygen leading to a permanent damage.
Ischemic stroke accounts for 50% - 85% of all strokes
worldwide [1] and in India about 50% to 85% of stroke is
Ischemic and 7% - 27% accounts for hemorrhagic stroke
[2]. Both of these conditions are fatal unless treated right
away to return the blood flow to deprived areas and restore
neurological functions.

The preliminary diagnosis for the stroke is done by
physical and neurological examination backed up by the data
from Computer Tomography (CT), Magnetic Resonance
Imaging (MRI), Ultrasound or Arteriography. The MRI or
CT scans would give us an accurate result to recognize the
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blood clot, to to localize the stroke and to date the level of
progression. These processes are however costly and time-
consuming when the growth of stroke is continuously
monitored.

Microwave Tomography (MWT) for detecting and
analyzing brain anomalies has been recently proposed to
complement the current diagnosing modalities. The three
major advantages of MWT over the existing modalities are,
one being able to perform continuous monitoring as
microwaves are non ionizing radiations unlike CT, the
second being the property of the affected tissue showing
variation in its dielectric values from the healthy tissues and
the third being portable and cost effectiveness of the design
[3]. MWT is based on the principle that the occurrence of
stroke would create a pool of blood or clot with decreased
oxygenation of the tissues that alter the dielectric properties
of the tissues compared to that of the healthy brain [4].
Hence when the brain tissues are exposed to low levels of
electromagnetic energy at microwave frequencies generated
from different transmitter locations around the head, the
scattered electromagnetic fields can be measured. From the
acquired data the imaging could be made possible using the
Contrast Source Inversion (CSI) method to reconstruct the
dielectric profiles of the significant scatters.

II. METHODOLOGY

A. Phantom Head Model

The head phantom with hemorrhagic stroke and ischemic
stroke was simulated by approximating the internal
structural layers as ellipses shown in Fig. 1. The dielectric
properties mainly the conductivity (o) and the relative
permittivity (g,) for the different layers of the normal head at
1 GHz are got from a published data [5,6] and are presented
in Table 1. Improved spatial resolution could be got at
higher frequencies, however as the frequency increases the
attenuation of the signal by the biological tissues also
increase leading to reduced penetration depth. From [5] the
attenuation was found to be very high between 1GHz to
2GHz and hence a frequency between 0.5GHz and 1GHz
was suggested to be optimal for brain imaging.

The relative complex permittivity of a lossy material is given
by (1), which depends upon the frequency of radiation.
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In (1), €, is the relative complex permittivity, €, is the real
relative permittivity, ¢ is the conductivity, ® is the angular
frequency and g is the free-space permittivity.
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Figure 1. Brain cross sectional geometry in the x-y plane consisting of the
hemorrhagic stroke with a radius of 2cm, grey matter, Cerebro Spinal Fluid
(CSF), skull and skin from innermost to the outermost.

TABLE |
Tissue dielectric properties at 1GHz, used in the head phantom

Tissue Thickness € o [S/m]
Skin 0.5cm 41 0.89977
Skull 0.7cm 12 0.15566
CSF 0.3cm 68 2.4552
Grey Matter - 52 0.98541
Ischemic Stroke - 36 0.15
Hemorrhagic Stroke - 61 1.5829

The frequency dependence of the complex relative
permittivity values governed by the Cole-Cole expression is
given in (2) and the frequency dispersive nature of these
biological tissues [6] due different frequencies ranging from
500MHz to 2GHz is shown in Fig.2

E(0) = &+ (¢ €)/(1 + (jO1)'™) + 6/(joog,) 3)

Here €, is the permittivity at frequencies where ot>>1, & is
the permittivity at ot<<l, o is the dispersion parameter
and 71 is the mean relaxation time.
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Figure 2. Absolute value of relative complex permittivity vs Frequency
(Hz) in human head tissues.

Spatial resolution of the imaging could be improved at
higher frequencies of microwaves, however the attenuation
of the EM field in biological media also increases which
decrease the Signal-to-noise (SNR) ratio. From [9] the
highest frequency at which the signals are detected with a
reliable SNR and not compromise for the imaging resolution
was taken as 1GHz.

The transmitter a half wave dipole antenna was designed
for a wavelength (A) of 30 cm using a cylinder of radius
A/80. The arm length of the dipole antenna is A/4 with the
gap size of A/400. These antennas are placed at eight
locations equidistant with the adjacent one in an elliptical
array around the simulated head phantom. When one
antenna is transmitting the microwaves the rest are in the
receiving mode and the excitation is carried out in a
sequence along the elliptical array. The Perfectly Matched
Layer (PML) is designed as the outermost sphere with a
thickness of 0.4 cm with the absorbing boundary condition.
The free space enclosed by the boundary sphere forming the
MWT chamber is filled with air having the dielectric values
6 =0[S/m]and g, = 1.

B. Forward Scattering problem

The major goal of solving the forward problem is to find
the scattered Electric field Eg, for a known contrast function
¥ which is derived from the dielectric values of the head
given in Table 1. The incident Electric field E;, is calculated
in the absence of the head phantom and the total electric field
E in the presence of the head phantom. The dipole antenna
generates the electric field perpendicular to the transverse
plane of the head causing Transverse Magnetic (TM)
polarization. Using Maxwell’s curl equations (4) and (5), the
total electric field E in the imaging domain can be found
from the computation of the vectorial wave equation (5).

Vx E=-jouH 4)
Vx H=joeE + cE %)

Here o, & and o are the angular frequency, permittivity,
permeability and electrical conductivity respectively and E
and H are the electric and magnetic field vectors
respectively. By taking the curl of (4), the magnetic field
vector H can be eliminated to from the electric field to form
the double curl equation and the governing wave equation
could be formed as given in (7).

Vx (VxE)=-jou (Vx H) (6)
Vxu ' (VXE)- 0’ g (g — jo/(og) E=0  (7)

The electric field vector E forms the main feature node
for solving the wave equation and V is the vector differential
operator. The FEM solver converts the wave equation into a
linear system and computes it through an iterative method to
find the total and incident electric field for each of the eight
transmitter locations. The analysis was performed using the
linear MUMPS (MUltifrontal Massively Parallel Sparse)
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which could solve for a large linear system of matrices. The
iterations are set to continue until the error between
successive iterations reaches a tolerance level of 0.1%. The
accuracy of the solution could be increased by increasing the
mesh density in the head volume upon which wave equation
was solved. From [10] and [11], at least 10 linear or 5
second order elements per wavelength should be present
upon meshing, for the solution to converge. The created
mesh consists of about 183,357 yielding a solution solved
for approximately 1,205,898 degrees of freedom.

The simulations are run for each of the eight transmitter
locations placed equidistant in an elliptical array around the
head. From the computed total electric field E and incident
electric field E™ data, the scattered electric filed E** could
be computed as E**=FE - E™,

C. Inverse Scattering Problem

In the electromagnetic inverse scattering the shape,
position, dielectric properties of the object of interest could
be found from the scattered electromagnetic field data got
from solving the forward problem. Mathematically this
MWT problem is nonlinear and ill-posed comprising a large
number of unknown parameters. From [12] application of
nonlinear inversion algorithms like Gauss-Newton
Inversion, Newton Kantorovich or Distorted Born Iterative
Method for this problem might not be practical and hence
this study is performed using the Contrast Source Inversion
(CSI) method which approximates the nonlinear problems
into a number of linear inverse problems [13]. Moreover
unlike Newton based algorithms where the solution for the
forward problem is required for the each iteration of
regularization, the CSI method does not need it. The
algorithm presented here is from [14], where the electric
field data could be expressed as scalars which reduce the
computational work for a two-dimensional TM setup.

The CSI method frames the inverse problem with respect
to the contrast distribution y and the contrast source W;
defined as

Wi(q@)= x(9) Ei(q) (7

E is the total electric field at the point q belonging to the
imaging domain. Subscript j denotes the antenna at a
particular location used in irradiating the phantom to give a
distribution of the electromagnetic field. The contrast
function y(q) is given by

x(Q) =k(q@) / Kpg— 1) ®)

Wherein, k> (q) = 0’le + jooltoo, is the squared complex
wave number with € and o being the permittivity and
conductivity of the brain tissues at position q.
kzbg(q) = 032u08bg + jwoloOpg gives the squared complex wave
number of the background medium with &y, and oy, being the
permittivity and conductivity of the background medium at
position g. The Integral Equation Contrast Source Inversion
(IE-CSI) algorithm relates the incident electric field Ej,

which is known and the unknown total electric field E is
forming a nonlinear equation given by

Ei(q) = E"(q) + K’ [ G(0,9") Ei(@*) x(0") dg” (9)

In (9) G is the Green’s function of the background
medium, (q,q’) forms the position vectors in the imaging
domain D upon which the integration is performed. By
substituting (8), the integral equation (9) becomes

Ei(q) = E"(q) + K’z [ G(0.9") Wi(@") dg> (10)

This is called the data equation forming a linear
relationship between the total electric field that could be
found from the forward solver and the contrast sources in the
imaging domain. Finally the values got from each of the
transmitter locations are summed up to form the dielectric
profile of the head phantom.

III. RESULTS AND DISCUSSION

The MWT brain imaging was performed at 1GHz using a
phantom head model simulated with hemorrhagic stroke and
Ischemic Stroke modeled as a circle of radius 2cm. Linear
MUMPS stationary solver was adopted to solve the forward
problem using COMSOL Multiphysics and the scattered
electromagnetic field is generated for each of the transmitter
locations. It can also be noted that the dielectric contrast
between the normal tissues and the stroke reduces when the
frequency goes beyond 1GHz, and hence choosing an
appropriate frequency to improve the imaging resolution is
crucial. To assess the performance of the MWT method the
measured electric field has been taken as a noise free data, so
that preeminent results are gotten, considering that the
imaging is performed under good working conditions. To
evaluate the method under realistic conditions some error
values could be added to the scattered electric field data that
was calculated from the forward solver to represent the
measured electric field. Later upon regularization the
dielectric profiles could be reconstructed back with minimal
change from the designed values. The spatial distribution of
the normalized electric field and normalized magnetic field of
hemorrhagic stroke at 1GHz is shown in Fig.3.

Figure 3. Spatial distributions of the normalized Magnetic field and
Normalized Electric field in the head phantom with haemorrhagic stroke
when the dipole antenna is radiating at | GHz.

The scattered data in both types of stroke vary as a
function of the dielectric properties of the tissues and these
values are exported from COMSOL into MATLAB to solve
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for the inverse problem using CSI method from which the
dielectric profiles of the simulated phantom head could be
reconstructed. Fig 4 and Fig 5 provides the validation of the
MWT system with the simulated hemorrhagic and ischemic
stroke of radius 2 cm. The hemorrhagic stroke shows a

different dielectric property than Ischemic when radiated

with microwave frequencies.
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Figure 4. Validation of the MWT imaging method: (a) Simulated Relative
Permittivity (b) Reconstructed Relative Permittivity, of the head phantom
with hemorrhagic stroke using the CSI method under ideal conditions.
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Figure 5. Validation of the MWT imaging method: (a) Simulated Relative
Permittivity (b) Reconstructed Relative Permittivity, of the head phantom
with ischemic stroke using the CSI method under ideal conditions.

No priori information except the dielectric properties of the
background medium was taken into consideration. The
relative permittivity of the hemorrhagic stroke was found as
€. = 55.64712 and for Ischemic stroke as g,= 31.34166 after
reconstruction under ideal conditions. This study is a
preliminary step in showing that this method could be
considered for further studies in microwaves for diagnosis
and continuous monitoring of brain stroke.

IV. CONCLUSION

Microwave Tomography could be used for predicting the
unknown geometrical parameters like size, location and
dielectric properties of the head from the scattered EM field
data. The notable contrast in the tissue dielectric properties
offered a significant advantage for the purpose of diagnosing
between Hemorrhagic and Ischemic strokes. Since the
problem posed a non linearity simple inversion method like
the Contrast Source Inversion method was used. The FEA
results give evidence that the microwaves could be used in
analyzing the stroke from which progressive growth or
recurrence could be monitored.
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