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Abstract

This work gathers the pathway from the design to the ex-
perimental testing of a microwave imaging prototype to
monitor brain stroke in real-time conditions, approaching
thus the electromagnetic inverse problem of retrieving a di-
electric temporal variation within the head. To this end,
it presents a low-complexity device consisting of twenty-
two custom-made radiating elements working with a linear
imaging algorithm based on distorted Born approximation
and a truncated singular value decomposition, able to local-
ize, identify and track the stroke evolution. The system is
prototyped using a compact two-ports vector analyzer and
electromechanical switching matrix. It is assessed exper-
imentally via a mimicked hemorrhagic condition, demon-
strating the system’s capabilities to follow up centimet-
ric confined variations, retrieving 3-D maps of the studied
cases in real-time.

1 Introduction

Cerebrovascular diseases are a fast-evolving life-
threatening medical condition that menaces millions
of lives yearly, causing death or post-event short and
long-term disabilities, having a higher incidence in the
aged population [1]. It occurs when the oxygen-rich blood
supply to the brain is interrupted or diminished by an
artery blockage or a vessel’s burst, inducing an ischemic
(IS) or hemorrhagic stroke (HEM), and requiring a prompt
medical response to mitigate the brain damage and its
catastrophic repercussions.

The medical staff relies on visible symptoms and gold-
standard imaging-based examinations such as magnetic res-
onance imaging (MRI) and computed tomography (CT),
which are highly reliable, to diagnose and define the appro-
priate therapies. However, the current technologies lead to
crucial unmet medical needs in terms of continuous follow-
up and on-point diagnosis due to the lack of portability, long
examination times, high cost, and use of ionizing radiation
in the case of CT. These limitations open the door to com-
plementary alternatives such as microwave imaging (MWI),
which exploit the non-invasive and harmless nature of mi-
crowaves together with the current high-performance mi-
crowave hardware and computing power to overcome the

constraints of traditional techniques, albeit its lower resolu-
tion, while allowing it to integrate into the pre-hospital and
in-hospital emergency protocols smoothly, a strict medical
requirement.

MWI principle relies on the contrast of the dielectric prop-
erties, i.e., permittivity and conductivity, exhibited by the
healthy brain tissues and the stroke-affected when illumi-
nated by low-power microwaves, to generate images of the
body’s internal structures using the resultant back-scattered
signals. For instance, the properties of an IS-affected area
decrease due to the reduction of the blood flow and, con-
versely, increase in the case of hemorrhage or bleeding.

MWI applied to brain stroke is reaching the named matura-
tion stage of the typical evolutionary timeline of a medical
imaging modality [2]. So, it is moving toward the clini-
cal acceptance stage, characterized by the clinical focusing
and technology refinement that results in application-based
imaging systems, continued investigation, and early(pre)
clinical trials as reflected by the recent appearance of de-
vices in development or even prototypes in patient trials for
stroke classification and imaging [3,4]. In this context, and
thanks to the extensive experience gained in more than a
decade of research and strong collaboration covering from
the conceptualization and feasibility study of brain stroke
monitoring [5, 6], through the posing of rigorous system
design methodology [7, 8], to the development of 2-D and
3-D multi-version devices [9-12], the authors illustrate the
learnings via a prototyping recall and an experimental val-
idation of compact low-complexity device for brain stroke
imaging-based monitoring, being it the last version.

In the following, Section 2 describes the software and hard-
ware components of the system, Section 3 presents an ex-
perimental monitoring validation, and, finally, Section 4
concludes and discusses the perspectives of the work.

2 Microwave Imaging System

A MWI system architecture is composed mainly of a de-
vice generating the impinged waves and then collecting the
back-scatter response and an array of radiating elements
transmitting and receiving the reflected and scattered sig-
nals processed by the imaging or classification algorithms.



Hence, this section describes the imaging-based monitoring
algorithm in the first part and, then, the system’s different
hardware elements.

2.1 Real-time Monitoring Algorithm

As the proposed MWI device aims to monitor the evolution
of the stroke-affected, we opt for a differential linear imag-
ing algorithm that retrieves the dielectric contrast in almost
real-time. It linearizes the scattering phenomena by adopt-
ing the distorted Born approximation [13] and is formulated
as

AS(tg,11) = 2% /D ) E(naydr (1)

p
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where the measured variable, AS(fy,7;), is the differential
scattering matrix between instants 7y and 1, with the differ-
ential dielectric contrast, the unknown variable, Ay (fy,#1) =
(e(t1) —&(t9))/€p, on a domain of interest, Dol; £(t,) is the
complex permittivity distribution, and b indicates a refer-
ence background scenario. Also, j is the imaginary unit,
® = 27 f is the angular frequency, and a, and a, are the
incoming root-power waves given at the p-th and g¢-th an-
tenna ports, respectively. The symbol “-” denotes the dot
product, and E;ff, E{]ef are the fields radiated by the p-th
and g-th antenna.

Equation (1) considers, first, the space-concentrated nature
of the stroke morphology and the controlled examination
time frame, allowing it to assume a small and weak field
perturbation. Second, it distorts the problem to a reference
scenario that contains a well-modeled system but a sim-
plified anthropomorphic head model, considering the lim-
ited morphological a-priori information about the patients.
Specifically, we consider a reference scene with a homo-
geneous anthropomorphic head filled with average brain
material and a highly realistic model of the MWI system,
which is employed to compute the field distribution via an
in-house finite element method (FEM) solver [14].

Then, to obtain the contrast, (1) must be inverted. However,
due to the underlying ill-posedness of the linear inverse
problem, it is ill-conditioned, and its direct inversion is im-
possible. Accordingly, (1) is inverted by adopting the trun-
cated singular value decomposition (TSVD) approach [15]
as

L

Ax(r) = L7 AS(t0, 1)} = Y.~ (S, ) var ()
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where L is the compact representation of the discretized
operator, 0y, u, and v, are the n-th singular value, right and
left singular vectors, respectively, and L, is the truncation
index acting as a regularizer, which is set henceforth to n-th
when 0, /0 is higher than -30 dB. This guarantees a good
trade-off between enough information and fewer noise dis-
turbances.

Notice that the SVD computation and building of the imag-
ing operator are done offline. Instead, the contrast retrieval
is done in time, taking a couple of seconds on a standard
laptop. Moreover, considering the unavoidable manufac-
turing tolerance of the antennas tends to destabilize the ide-
alized operator where all the antennas are assumed identi-
cal, the imaging operator is built on the transmission coef-
ficients.

Here, it is worth recalling that the amount of information
would be limited using this technique. So, it is not expected
that it can arrive directly at the actual constitutive values of
complex permittivity, as an iterative method does. How-
ever, the retrieved maps contain enough information to be
able to determine and indicate qualitatively:

* the detection of a contrast variation, indicating if there
was a change in the stroke-affected area with respect
to a first measured scenario;

e the localization, signaling the position within the head
of the variation, which is vital from the medical point
of view;

e the shape retrieval, presenting graphically the volume
variation;

* the contrast sign that may indicate the clinical change
of state of the stroke-affected area.

All four listed data might be essential from the medical per-
spective.

Moreover, in addition to the aforementioned imaging algo-
rithm, we employ different calibration and artifact removal
techniques that allow working with measured data. More
details are described in [11,12].

2.2 Microwave Scanner

The microwave scanner comprehends all the different hard-
ware components of the system, as shown in Fig. 1. It
includes the control unit (a standard laptop in this case),
which performs the imaging and addresses the electrome-
chanical switching matrix and the 2-ports compact-factor
vector analyzer (VNA, Keysight P9375A). The switching
matrix interfaces the VNA ports with each of the 22 anten-
nas, allowing a multi-view configuration. Then, the system
collects a full 22 x 22 scattering matrix, arranging sequen-
tially 2 x 2 segments in post-processing, which is a suitable
assumption considering the scanning times are much slower
than the stroke evolution. To ensure an optimal trade-off
between signal-to-noise ratio and measurement time, the
VNA was set with an input power of 0dBm and the in-
termediate filter (IF) to 100 Hz. This configuration permits
the system to collect the complete scattering matrix in about
5 minutes, noticing that the measuring time is mainly dic-
tated by the mechanical switching time.

The last piece of the system is the radiating element, the
antenna module here. It is designed to work around 1 GHz
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Figure 1. Scheme of the microwave scanner and the antenna module.

[12], using a flexible matching medium that improves the
electromagnetic (EM) penetration within the head and the
spatial resolution. It extends the features of the antenna
presented in [16], which conveniently removes the need for
liquid matching and replaces it with a solid one, compact-
ing the antenna extent by merging a monopole and a match-
ing layer, dubbed “G35”and “G25”, respectively, in a two-
layer stack structure as shown on the left side of Fig. 1.
To make both the antenna substrate and the matching, mix-
tures of urethane rubber and graphite powder are employed,
which allows tuning the permittivity of the material, giv-
ing one more degree of freedom to the design process. For
instance, G35 implies a mixture using 65 % volume rub-
ber and 35 % graphite, and presents a relative permittivity,
& = 13, and conductivity, ¢ = 0.18 [S/m], at 1 GHz, re-
spectively. On the other hand, the radiating part and the
trimmed ground plane (GND) are printed on slabs of 50um
polyimide film, the former being a triangular-shaped radi-
ating element back-fed by a coaxial cable and a two-stubs
line conceived to improve the antenna matching at the port.
By last, twenty-two modules are placed conformally to the
upper part of the head, adjusting each to the head curva-
ture thanks to its flexibility and compact format, reaching
full coverage of the brain area. Additional details on the
antenna performance are found in [12].

3 Experimental Validation

To validate the prototype in a dynamic and more realis-
tic situation, we reproduce a simplified, though meaning-
ful, evolving intracranial hemorrhage in the lab. First,
the head is mimicked using an anthropomorphic single-
container phantom, 3-D printed in clear resin (polyester
casting resin) and filled with a custom-made alcohol-water-
based liquid with the properties of an average brain at
1GHz, e.i., & =45 and o = 0.8 [S/m], while the stroke
is mimicked with a capsule-shaped balloon filled gradually
by 20 cm? at a time, with mimicked blood, & = 63 and
o = 1.5 [S/m]. All the materials properties were measured
via the coaxial probe method aided by Keysight software
suite [17].

The monitoring results present the normalized contrast am-
plitude as illustrated in Fig. 2, which clearly distinguishes

the stroke evolution signaling the position, the trend, and
the dimensions.

50

-50

Figure 2. Monitoring of mimicked hemorrhage progres-
sion. Saggital view of the normalized reconstructed in dB
of dielectric contrast sliced in the middle of the stroke re-
gion. (a): variation between a healthy to 20cm? capsule-
shaped stroke. (b): 20-40 cm?. (c): 40-60cm?>. The dimen-
sions are in [mm], and the contour lines indicate an estima-
tion of the respective stroke shapes.

4 Conclusion and Perspectives

The presented work converges software and hardware as-
pects of prototyping a low-complexity MWI scanner on the
experimental validation of the device, resulting in real-time
pathology monitoring. The results demonstrate the sys-
tem’s reliability in localizing the contrast variation and the
centimetric sensitivity of about 1 cm, comparable with the
theoretical resolution.

Looking into the future, we plan to extend the experimen-
tal validation using a more complex phantom, considering



multiple tissues. Moreover, the stroke classification and
augmented resolution are being considered by integrating
machine learning algorithms [18, 19].
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