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Abstract

This paper introduces a numerical and experimental as-
sessment of the microwave device capabilities to perform
continuous real-time imaging-based monitoring of a brain
stroke, exploiting a differential measuring scheme of the
scattering matrices and the distorted Born approximation.
The device works around 1 GHz and consists of a low-
complexity 22-antenna-array composed of custom-made
wearable elements. The imaging kernel is built using an
average-head reference scenario computed off-line via ac-
curate numerical models and an in-house finite element
method electromagnetic solver. The validation follows the
progression of emulated evolving hemorrhagic stroke con-
dition, including tests with both an average single-tissue
head model and a multi-tissue one in the numerical part and
the average scenario in the experimental one. The results
show the system’s capacity to localize and track the shape
changes of the stroke-affected area in all studied cases.

1 Introduction

The brain is an organ that requires constant nourishment
and high oxygenation, being critically susceptible to the
lack of the latter. The deprivation or alteration of the regu-
lar supply of oxygen-rich blood temporarily or permanently
causes brain cell demise at a rate of millions per minute,
provoking variable-term cognitive and physical disabilities
and even the patient’s death. These disorders are named
cerebrovascular diseases and classified within the ischemic
and hemorrhagic stroke pathologies [1]. A total or partial
artery obstruction (vessel narrowing, clots, or embolism)
induces an ischemic-affected area, and blood vessel rup-
tures cause internal bleeding that forms the hemorrhage
within the brain [2, 3].

Regardless of the stroke typology, it is a critical condition
and is primordial to receive a prompt diagnosis, medical
care, and continuous post-event physiological monitoring,
especially during the first few hours after the stroke on-
set, mitigating its impact and enhancing the rehab rate. In
such a framework, clinicians generally support their inter-
vention with imaging-based technologies such as magnetic

resonance imaging (MRI) and computerized X-ray tomog-
raphy (CT), which provide highly reliable images, essen-
tials for stoke condition assessment. However, the stroke
management protocols traditionally reserve the utilization
of MRI and CT for initial diagnostic and non-continuous
follow-up assessments due to their intrinsic constraint re-
garding time-consume, portability, cost-efficiency, and the
ionizing radiation’s harmfulness in the case of CT [4].

The limitations of current technologies and the positive ef-
fect of a continuous post-event follow-up on medical treat-
ment have motivated the research community to explore
complementary brain stroke imaging alternatives such as
microwave devices [5, 6, 7, 8, 9, 10, 11, 12, 13]. This
approach exploits the existing electric contrast(permittivity
and conductivity) between healthy brain tissues and stroke-
affected tissues to map the electromagnetic tissue variations
via the proper process of generated scattered field and the
solution of an inverse scattering problem. Moreover, mi-
crowave technology does not use ionizing radiation, be-
ing safe for repeated examinations, and allows designing
portable, relatively low-cost devices compared to MRI and
CT.

In this work, the authors move forward to a clinical de-
vice, presenting the numerical and experimental validation
of a compact, low-complexity, and functional prototype for
real-time brain stroke monitoring that retrieves 3-D injury
mappings. The prototype improves its portability and com-
plexity, reducing its overall dimensions and weight employ-
ing only 22 custom-made and low-profile flexible anten-
nas, compared to [10, 11], previously presented by the au-
thors. Moreover, the dynamic monitoring capability valida-
tion uses a realistic emulated, numerically and experimen-
tally, hemorrhagic stroke with a variation from 5 to 15 cm?.

The paper is organized as follows. Section 2 comments on
the design, manufacturing and characteristic of the antenna.
Also, it describes the experimental setup, the imaging al-
gorithm, and the used phantoms. Section 3 details the
monitoring results, including numerical and experimental
scenarios. Finally, Sect. 4 summarizes the conclusions and
future work.



2 Materials and Methods

2.1 Imaging Background

To retrieve a real-time constant mapping of the electrical
variation, i.e., the pathology status evolution, we employ a
differential scheme that uses the scattering difference(AS),
occurring during the interval of interest [fp,f;], with the
same approach as in [11]. Then, the output map is stated
as Ay = (e(t1) — €(t0))/€p, where €(fp) and €(;) are the
complex permittivities, and b stands for the background. It
relates with the input as
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assuming a concentrated and weak contrast perturbation,
and then applying the Born approximation. In Eq. 1, the
symbol “-” denotes the dot product between vectors, j is
the imaginary unit, @ = 27 f is the angular frequency, and
ap and a, are the known incoming root-power waves at
the p and ¢ antenna ports, respectively [14]. E,(f)) and
E, (1) stand for a reference electric field, i.e., the field in
the forecast nominal condition radiated by the p-th and ¢-th
antennas. These fields are computed via full-wave simula-
tion of a virtual twin, employing an in-house Finite Element
Method EM solver [15] and 3-D realistic models of the an-
tennas and the head.

Equation 1 is inverted and regularized via the truncated sin-
gular value decomposition (TSVD) scheme [16], obtaining
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where (u,0,v) is the SVD of the discretized counterpart
of the integral operator and 7 is the truncation index that
acts as a regularizer, it set as -25dB. Here it is also wor-
thy highly, that though the the building and decomposi-
tion of imaging operator is the most computationally expen-
sive part of the procedure, it is just performed once offline.
Thus, the real-time monitoring relies mainly in the projec-
tion of the differential S-parameters on the pre-computed
operator. Finally, the output qualitative description is given
by the normalized modulus of the retrieved differential con-
trast.

2.2 Scanner Prototype

The microwave imaging (MWI) device presented here con-
sists mainly of three elements. A 2-port Vector Net-
work Analyzer(VNA)[17] generates the impinged stimulus
and measures the reflection and transmission parameters, a
compact and flexible 22-antenna array where each acts as
transmitter and receiver, and an electro-mechanical switch-
ing matrix, previously reported in [10, 11], that multiplexes
the signal from the VNA port to the antenna ports.

The VNA is set with -5 dBm and the intermediate filter (IF)
to 100 Hz, reaching a measure time per set of about 5 min-
utes, limited mainly by the switching speed. Though, it can
be significantly reduced using solid state switches instead
[18]. The antenna system is new version inspired and based
on the brick-shaped antenna in [19] and the rigorous layout
design process described in [20]. The optimized radiating
elements work in a —10 dB band from 0.85 to 1.25GHz in
human head proximity, and is made of two staked dielec-
trically customizable stratus produced with urethane rubber
and graphite powder mixture. The first stratus, made of
G35(35% Graphite, & = 18, 0 = 0.3[S/m] at 1 GHz), acts
as the monopole substrate, holding the ground plane and
the triangular radiator on each side, both printed on flexible
commercial 50 um-thickness polyimide film. The second
one, made of G25(¢, = 13, 0 = 0.18[S/m] at 1 GHz), is a
matching medium instead. Figure 1(a-c) depicts the imple-
mented system and the antennas.
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Figure 1. Implemented 22-antenna MWI prototype. (a)
3-D printed single cavity head phantom with antenna ar-
ray wear on top; (b-c) Flexible monopole antenna; (d) non-
static stroke phantom.

2.3 Experimental Setup and Procedure

The system numerically and experimentally approaches a
hemorrhagic dynamic stroke condition for validation, us-
ing realistic stroke and head models, abstracted from med-
ical images, an imaging kernel based on an average head
model, and the imaging algorithm working at 1 GHz. The
stroke considers three states, 5 cm?, 10 cm? and 15 cm?, and
is placed around the occipital and parietal zone of the brain,
back-part of the head, as shown in Fig. 2.

In the numerical assessment, the mimic situation initially
considers a uniformly filled head with an average brain,
and later a multi-tissue that contains skin, fat, skull, cere-

Figure 2. Diagram of the modeled evolving stroke condi-
tion considering 5, 10 and 15 cm® volumetric variations.
From left-to-right: transverse, frontal and sagittal plane
view. Dimensions in [mm)].



brovascular fluid(CSF), ventricle, gray matter, white mat-
ter and cerebellum, as in [22]. On the other hand, the ex-
perimental validation considers just the averaged-head ap-
proach, where the head is an anthropomorphic single-cavity
3-D printed phantom made of clear resin, which supports
the antenna array and contains the average liquid mimick-
ing the brain[21]. Moreover, the stroke is mimicked using a
custom homemade balloon filled up through a syringe with
a liquid mimicking the blood (see Fig. 1(d)).

3 Monitoring Results
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Figure 3. Amplitude values of the retrieved dielectric con-
trast normalized and at its maximum value. (a)Average
head; (b)multi-tissue head; (c)experimental validation.
Top rows: 3-D view indicating the values above -3 dB.
From left-to-right: 0-5 cm3, 0-10cm3, 0-15 cm?.

As aforementioned, three differential cases consider the
spatial extend variation of a hemorrhagic stroke at differ-
ent instants. In each case, we take as reference the healthy
state measured at g, i.e., the non-stroke numerically and
empty stroke experimentally, and then the scattering matrix
taken at ¢, t, and t3 with 5,10,15 cm? stroke volume, re-
spectively. Starting with the simulated scenarios and then
the experimental one (see Fig. 3(a)-(c)), we report the re-
trieved dielectric contrast normalized at its maximum value.
In all the cases, the top row shows a 3-D view indicating the
values above -3 dB, while the bottom is a zoom-up trans-
verse plane view around the stroke zone. Moreover, the red
shapes denote the corresponding stroke contour for the nu-
merical cases, and the red circles (center at the maximum of
each scenario) denote reference contour corresponding re-

spectively to spheres of volume 5, 10, and 15 cm? and radii
10.6, 13.7, and 15.3 mm, for the experimental one.

The illustrated results demonstrate the system’s capability
to localize and estimate the shape and size of the stroke tar-
gets, with a relatively low error in all studied cases. Also,
the retrieved variation appears to follow the shape changes
quasi-instantaneously, as shown in Fig. 4. The simulated
cases present a more notable variation in the vertical axes
of the transverse view, as expected from the model. In the
experimental one, controlling precisely the growing direc-
tion of the stroke is challenging, though the results indicate

the actual direction accurately.
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Figure 4. Normalized difference between the 5 to
10cm? states. (a) Average head; (b)multi-tissue head;
(c) experimental case.

4 Conclusion and Perspectives

This paper presents the numerical and experimental valida-
tion of a compact and modular microwave scanner for brain
stroke imaging, optimized to work with just a 22-elements
array of custom-made flexible antennas at 1 GHz. The
outcomes demonstrate that the system can retrieve impor-
tant medical parameters’ location and shape under differ-
ent complex scenarios, but most importantly, a promising
capability to follow a real-time evolving condition. How-
ever, this preliminary exploration also glimpses the limita-
tions that might cause the lack of a-priori information in the
imaging kernel and the non-calibrated error during the mea-
suring, provoking undesired artifacts. For future work, we
plan to extend the validation using complex scenarios and
approach the identified limitations.
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