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In this work, a prototype of a laboratory microwave imaging system suitable to methodically test the ability to image, detect, and
classify human brain strokes using microwave technology is presented. It consists of an antenna array holder equipped with ten
newly developed slot bowtie antennas, a 2.5 D reconfigurable and replaceable human head phantom, stroke phantoms, and
related measuring technology and software. This prototype was designed to allow measurement of a complete S-matrix of the
antenna array. The reconfigurable and replaceable phantom has currently 23 different predefined positions for stroke phantom
placement. This setting allows repeated measurements for the stroke phantoms of different types, sizes/shapes, and at different
positions. It is therefore suitable for large-scale measurements with high variability of measured data for stroke detection and
classification based on machine learning methods. In order to verify the functionality of the measuring system, S-parameters
were measured for a hemorrhagic phantom sequentially placed on 23 different positions and distributions of dielectric
parameters were reconstructed using the Gauss-Newton iterative reconstruction algorithm. The results correlate well with the

actual position of the stroke phantom and its type.

1. Introduction

Microwave tomography (MWT) is an emerging imaging
technique for retrieving the spatial distribution of dielectric
parameters of biological tissues [1].

In microwave imaging, the imaged area is typically
exposed to electromagnetic (EM) waves radiated by anten-
na(s) positioned around the imaged area. The spatial distri-
bution of the dielectric parameters in the imaged area
influences the way of propagation of these waves, and the
resulting EM field is subsequently measured by the same
antennas. The measured data is used to estimate the distribu-
tion of dielectric properties within the imaged area.

While the use of nonionizing radiation in MWT systems
is a good argument when looking for benefits over a com-
puted tomography and mammography (nonionizing

radiation would allow frequent screenings), portability and
cost effectiveness are good points when comparing MWT
with magnetic resonance imaging [2].

Although one of the first reference of microwave hemor-
rhagic stroke detector can be found in the US patent by
inventors Haddad and Trebes [3], there are nowadays several
research groups working towards early stroke detection and
differentiation systems. Just to name few leaders of the
groups active in this field—Mikael Persson from Medfield
Diagnostics AB, Sweden [4], Serguei Semenov from EMTen-
sor GmbH, Austria [5], Amin Abbosch from The University
of Queensland, Australia [6], and Lorenzo Crocco from the
National Research Council of Italy, Italy [7-9]. Thorougher
review can be found in [10].

In general, two different approaches for detection and
classification of strokes can be found in literature: methods
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based on visualization (image reconstruction) of dielectric
parameters distribution in the region of interests [6, 11] and
methods based on machine learning algorithms [4, 12, 13].

Most of the published systems (both hardware and
reconstruction/classification algorithms) have not been sys-
tematically tested. Typically, one or two stroke phantom
positions are selected, and the results obtained are evaluated
and presented.

In this paper, we designed and tested a laboratory
microwave imaging system suitable for measuring head
and stroke phantoms of various types, shapes, and sizes.
The stroke phantoms could be placed at any of 23 prede-
fined positions covering almost all the volume of the head
phantom. Such a system is especially suited for testing
methods for stroke detection and classification based on
machine learning algorithms, but it can be used for testing
image reconstruction methods as well. Additionally, the
proposed system allows testing of the two approaches for
phantoms of different complexities and matching liquids
of various dielectric properties. The system was tested using
a simple 2.5 D reconfigurable head phantom with hemor-
rhagic stroke phantom, which was sequentially placed at
some of the predefined positions. The system, phantoms,
and measurements are described in Section 2. Section 3
includes an analysis of the measured data as a function of
stroke phantom position. Finally, a deterministic iterative
algorithm for the reconstruction of the dielectric properties
distribution was applied in Section 4 to the measured data
in order to verify functionality of the presented system.

2. Microwave Imaging System Description

2.1. Phantoms of Head and Brain Strokes, Antenna Array.
The shape of the head phantom was designed with respect
to the main objective of the article, namely, to systematically
test the use of microwave imaging for the purpose of detec-
tion and classification of brain strokes occurring anywhere
in the volume of human brain. For this, it is necessary to be
able to place a stroke phantom on a predefined position in
the entire head phantom. Towards this end, a liquid head
phantom has been chosen to fill an elliptical container with
a human head-shaped cross section in a transverse plane.
The head phantom vessel is placed into the antenna element
holder. The space between the vessel and the holder is filled
with a matching liquid, see Figure 1. Both the antenna holder
and the head phantom vessel have a height of 200 mm
(including a base of 4 mm) and a wall thickness of 2 mm.
The numerical model of the proposed system and its physical
form are shown in Figure 2. 23 octagonal pins are designed at
the bottom of this container and are used to define the posi-
tions of phantoms of strokes. These latter are made by hollow
cylinders filled by liquids of desired dielectric parameters,
having an octagonal opening in their bottom. This ensures
accurate and repeatable placement of phantoms of strokes
in the head phantom. The containers for stroke phantoms
have an internal diameter of 40 mm, a height of 196 mm,
and a wall thickness of 1 mm. All the parts were made by
3D printing using Prusa i3 MK2 (Prusa Research, Czech
Republic) and PETG material.
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2.2. Antenna Elements. Ten identical slot bowtie antennas
(antenna design is described in [14]) were placed on the walls
of the antenna array holder. The antennas were made of two
layers of 1.5mm RF substrates Rogers R04003C with the
dimensions of 59 x59 mm?® and realized by Pragoboard
s.r.0., Prague, Czech Republic. The main advantages of this
antenna element design are suppressed radiation outside
the imaging area, symmetry of radiated field, mechanical
stiffness, and easy, inexpensive, and repeatable production.
The front side of the realized antenna and the modules of
measured reflection coefficients of all 10 antenna elements
laid on the surface of a liquid head phantom are illustrated
in Figure 3. The reflection coefficients of all ten antenna
elements show virtually identical values and a low ampli-
tude (less than -10dB) in the frequency range from
nearly 0.9 to 1.3MHz. The system introduced in this
work can therefore be used at any frequency in this fre-
quency band. The frequency band was chosen in view
of the fact that it fits into frequency bands already con-
sidered the most suitable for this application [7] consider-
ing attenuation of EM waves inside the human head and
resolution of the imaging method. Although the authors
believe that the higher number of antennas would lead
to better results, the maximal number of antennas is
determined by the actual dimensions of the container
and the used antenna elements.

2.3. Measurement Setup and Settings. The measuring instru-
ments used in the presented MWTI system are the microwave
switching matrix ZN-784-B42 (Rohde & Schwarz, Germany)
and the vector network analyzer (VNA) ZNB4-B32 (Rohde
& Schwarz, Germany). The antennas were connected to the
switching matrix test ports using semirigid coaxial cables
(Rohde & Schwarz, Czech Republic). Although the isolation
between all tested matrix ports should be greater than
90dB, 10 out of 24 ports of the switching matrix test ports
involved in the measurement were selected for the highest
possible isolation between channels. The fact that 90 dB iso-
lation should be sufficient is supported by another group that
used an 80dB [4] custom-made switching matrix. All high-
frequency connections were tightened by a torque wrench
0.9Nm. Setting and triggering of measurements together
with reading out of the measured data were done with
MATLAB scripts written in-house (MathWorks, MA,
USA). The photograph of the MWI system is shown in
Figure 2. The following parameters of the measurement
instruments were used: operating frequency 1 GHz, interme-
diate frequency bandwidth 30 Hz, and output power of the
VNA 13dBm. The working frequency 1 GHz was selected
with respect to penetration depth, spatial resolution, and last
but not least the fact that it fits into the frequency interval
preferred for the same application in [7].

2.4. Calibration. A full-port calibration was performed just
before the measurement using the automatic calibration unit
ZN-Z153 (Rohde & Schwarz, Germany).

Throughout the calibration period, the antenna elements
were disconnected from the coaxial cables leading into the
switching matrix. To these open ends of the coaxial cables,
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FIGURE 1: Bottom view of measuring container with marked positions of the stroke phantoms. Black: walls of the antenna holder, yellow:

antennas with ports, blue: matching liquid, white: head phantom vessel, green: liquid phantom of human head, and red: liquid phantom
of stroke at position P7 (all dimensions are in mm).
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FIGURE 2: 3D model of measuring container with antennas and cylindrical phantom of stroke marked blue (a) and the photograph of the
measuring setup (b).

the calibration unit was three times reconnected (due to the  the calibration instructions displayed on the VNA. In this
lower number of ports of the calibration unit than the num-  way, the switching matrix was included in the full-port
ber of used antenna elements/system channels) following ~ VNA calibration.
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F1GURE 3: Photograph of the antenna element from the side facing to the phantom (a) (dimensions in cm) and measured magnitude of S},
for all antennas in frequency range 0.6 - 1.4 GHz heading to the liquid homogeneous phantom of human head (b). Central operating

frequency is marked by a dashed line.

The VNA, switching matrix, and automatic calibration
unit were turned on 90 minutes before the calibration onset.
Calibration data was saved and reloaded before each
measurement.

2.5. Liquid Phantom Composition and Dielectric Properties.
Two liquid phantoms substituting healthy head and brain
hemorrhagic stroke tissue were prepared. The dielectric
properties of the head phantom are equal to average dielec-
tric parameters of a human head (e, yy; = 39.8, oy =0.94
S/m) [15]. The dielectric properties of the hemorrhagic
stroke phantom are chosen based on the knowledge of the
dielectric properties of blood [16], where the contrast to
brain tissues is about 50 - 60%. A conservative change at
the level of 30% is chosen here (e, yz =51.4, oy =1.22
S/m) as in [5]. Dielectric properties of the phantoms were
measured using DAK (Schmid & Partner Engineering AG,
Switzerland) just before the measurement in the MWI system
prototype. Compositions in weight percent and comparison
of target and measured dielectric properties of the phantoms
are listed in Table 1. In this table, the HEAD marks the
column devoted to the phantom of the head and the
HEM marks the column devoted to the hemorrhagic
stroke phantom. The dielectric parameters listed in rows
following the compositions were measured at a frequency
of 1GHz and 25°C before the measurement in the MWI
system. In order to eliminate the reflections from the
interface matching liquid-head, the head phantom material
was also used as the matching liquid between the antennas
and the head vessel.

TaBLE 1: Phantom composition in weight percent, target, and
measured dielectric parameters at 1 GHz and 25°C, immediately
before the measurement in the MWT system.

HEAD HEM
Isopropyl alcohol (wt%) 50.48 34.00
Deionized water (wt%) 48.35 64.67
NaCl (wt%) 1.16 1.33
Target €, (-) 39.60 51.48
Measured €, (-) 39.80 51.37

U (k=2) (%) 1.7 2.1

Target o (S/m) 0.94 1.220
Measured o (S/m) 0.94 1.224
U (k=2) (%) 27 27

U: expanded uncertainty of type B, HEAD: head phantom, HEM:
hemorrhagic phantom.

2.6. Measuring Procedure. The antenna array holder and the
head phantom vessel were firstly filled with homogeneous
head phantom liquid. Special attention was paid to elimina-
tion of bubbles which appeared on the surface of antennas
during the filling procedure of the container. Finally, the con-
tainer was enclosed by microwave pyramid absorbers. The
measurement procedure is composed from two main steps:
(1) measurement of the MWI system filled with the head
phantom only and (2) measurement with the head phantom
including the hemorrhagic stroke phantom. The phantom of
stroke was subsequently positioned and measured in all 23
positions (Figure 1). Whole S-matrix was measured 10 times
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FIGURE 4: Response of the system ((a) relative change in the modulus of S-matrix and (b) change in the phase of S-matrix in degrees) to a
presence of the hemorrhagic stroke phantom at 23 different positions (y axes) in the phantom of human head.

in series to cover fluctuations that could appear during the
measurement for every position of the stroke. One measure-
ment of the full S-matrix took about 12.

3. Measured Data

The response of the system to a presence of the phantom
of hemorrhagic stroke at all 23 positions is visualized in
Figure 4. It is calculated as the relative difference in the
modules (equation (1)) and as the absolute difference in
the arguments (equation (2)) of the S-parameters mea-
sured with (SglROKE) and without (SESMO) the stroke
phantom, respectively

| \SsTROKE _ |SHOMO| |
A|Smn| == }SHOMOmn > (1)
mn

_ |, STROKE_, GHOMO
ALy = | £SO =S -

(2)

The most responding S-parameters to the stroke at the
specific position can be deduced from those images. The
characteristic patterns in both amplitude and phase images
indicate the strongest responses in transmission coeflicients.

4. Application of Image Reconstruction
Algorithm to Measured Data

A reconstruction algorithm based on Gauss-Newton algo-
rithm with Tikhonov regularization [17] was used to recon-
struct the dielectric image in the central plane of the

antennas from the measured S-parameters. This algorithm
is based on deterministic optimization procedure, assuming
linear behavior of outcome in every iteration when only a
small change in dielectric properties is introduced. In order
to reduce the building time of the Jacobian matrix, the so-
called adjoint method was used [18]. The value of the
Tikhonov parameter was determined using the procedure
described in [17].

4.1. Image Reconstruction Procedure. The image reconstruc-
tion procedure includes solution of forward problem (com-
putation of electromagnetic field distribution and S-matrix),
extraction of E-fields and S-matrix, computation of Jacobian,
and computation of step in dielectric properties of the
material domains. To model the propagation of E-field in
the forward step, the 3D numerical version of the real
measuring system was modeled in COMSOL Multiphysics
(Figure 2(a)). Models of the real antennas together with
SMA ports were used in the numerical model. Special
attention was payed to correctly discretize all the model com-
ponents. Finally, EM field was computed using the finite ele-
ment method in 3D. All three components of E-field were
extracted and used in the inverse step. In order to precisely
represent the real-world scenario, any special assumption
either simplification in the computational procedure of EM
field was not made. Therefore, the framework presented in
this paper can be easily adapted to the other realistic scenario
by simply replacing the numerical model. Computation of
the forward problem is the most computationally extensive
procedure and takes about 150 minutes for all 10 antenna
ports on the current PC (i7-6700 - 3.4 GHz, 64 GB DDR4
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FIGURE 5: Results (a, b) of iterative reconstruction procedure for hemorrhagic stroke phantom at position P7 (marked by white circle) and
evolution (¢, d) of relative permittivity and conductivity over the iterations (i =1 for the first iteration, i = 10 for the tenth iteration) on
the line going through the center of the stroke phantom (marked by dashed white lines). Actual values of both relative permittivity and

conductivity are marked by solid black lines in graphs (c) and (d).

RAM - 2133 MHz). The reconstruction algorithm was imple-
mented in MATLAB.

In an attempt to achieve the actual values of complex per-
mittivity in the region of interest, 10 iterations of the recon-
struction algorithm were performed. Since the image
reconstruction takes more than 25 hours for 10 iterations,
the maximal number of iterations allowed was set to 10. Bet-
ter results could be possibly achieved with higher number of
iterations. However, as it can be seen from Figure 5, there is
only a small change in the dielectric parameters over the last
few iterations. Results of the reconstruction in a plane going
through the center of the antennas for hemorrhagic stroke at

position P7 are shown in Figure 5. Even though values of rel-
ative permittivity and conductivity in the reconstructed
images did not reach the actual values and shape of the
stroke, the biggest change in those quantities can be observed
in the area of the stroke phantom (white circle).

Nine different unique positions of the stroke phantom
inside the head phantom were selected, and the measured
data were processed with the image reconstruction algo-
rithm. In order to show the results of the reconstruction
for all the positions of the stroke in one image, 350 values
of relative permittivity and conductivity differing the most
from the background matching liquid were detected in all
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FIGURE 6: Detection of position of the strokes from reconstructed images. Circles mark the actual position of the stroke; dots of adequate color
show the detected positions.

TaBLE 2: Maximal values of dielectric parameters for the selected positions of the stroke phantom after the reconstruction.

Position P1 P3 p7 P8 P11 P18 P19 P22 P23
max €, (-) 48.13 51.34 46.30 47.60 44.87 44.71 44.71 4523 44.48
max o (S/m) 1.42 1.32 1.39 1.38 1.30 1.23 1.24 1.22 1.24




9 images and its positions plotted together for every stroke
phantom position, see Figures 6(a) and 6(b). In this figure,
the threshold used to allow the binarization is based on the
assumption that the size of the stroke phantom is known.
And so, the size of the area covered by the dots of the specific
color in Figure 6 is equaled to the size of the area of the
cross-section of the stroke phantom. Positions of the stroke
phantom can be better recognized from images depicting
conductivity. Since the quantitative information is lost in
Figure 6, the maximal values of dielectric parameters are
listed in Table 2.

5. Discussion

The MWTI systems are very sensitive to the quality of con-
ducted microwave measurement. There are many cofounders,
including temperature drift of measuring devices, changes in
complex permittivity of phantoms due to the changes in tem-
perature, evaporation and possible leak of liquids during
stroke phantom replacement procedure, appearance of bub-
bles in the liquid phantoms, and quality of multiport calibra-
tion procedure, that the experimenter has to deal with during
the measuring procedure. All those sources of noise nega-
tively impact the quality of reconstructed images.

Conservative estimates of the differences between the
dielectric properties of brain tissues and areas affected by
strokes were considered. It can be assumed that a higher con-
trast in the dielectric properties of the head phantom and
stroke phantoms would yield in better reconstruction results.

The number of antennas/channels of the presented
system was determined by the dimensions of the human
head/head phantom and the antenna element. For the used
antenna elements, only limited size reductions can be
achieved. Metamaterial-based structures such as described
in [19-21] could be suitable for systems with a higher num-
ber of the antenna elements.

The forward problem in every iteration is solved for every
antenna element. This can be done in parallel and thus
reduce the total computational time. Further reduction of
the computational time could be achieved by using the Finite
Differences in Time-Domain Method (FDTD) which can be
accelerated using GPU. If a broadband formulation of FDTD
is used, it is possible to obtain results for multiple frequencies
in a single simulation without a significant computational
time increase.

In this work, imaging results for only 9 stroke phantom
positions are presented, although there are in total of 23 posi-
tions available. This step is only motivated by the clarity of
the imaging results presented. The 9 positions considered
were carefully selected based on the geometric symmetry of
the head phantom and antenna array. In other words, the
imaging results for each of the remaining 14 positions would
not differ much from the results corresponding to one of the
9 positions.

6. Conclusion

The prototype of the MWT system allowing systematic eval-
uation of human brain stroke detection and classification
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approaches has been presented in this paper. In order to
prove the capabilities of the presented system, hemorrhagic
phantom of human brain stroke was prepared and the exper-
imental measurements were conducted with this stroke
sequentially placed at 23 different positions in the head
phantom. Achieved results support the statements of
another groups working in this field that the detection and
differentiation of the strokes by means of microwave tech-
nique should be possible at least in the laboratory conditions.
In our future work, we are going to improve our system in
several ways to deal with some major known issues such as
low sensitivity, spatial resolution, and sensitivity to noise. A
2.5 D anatomically realistic head phantom consisting of
three solid layers with shape and dielectric properties corre-
sponding to skin, skull, and cerebrospinal fluid is currently
under development. We also plan to combine the recon-
structed images with detection and classification by algo-
rithms of machine learning.
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