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ABSTRACT Brain injuries represent a critical situation, where both detection and monitoring should be
quick and accurate at the same time. Microwave techniques are thus gaining attention in the diagnostic
process of these diseases. However, the detection of inhomogeneities and variations inside the human
brain by using electromagnetic fields at microwave frequencies is a very challenging inverse problem.
An innovative hybrid microwave imaging method is introduced in this contribution, which combines the
benefits of a fast qualitative processing technique with an accurate tomographic reconstruction of the
dielectric properties of the human head. This method has been successfully applied to obtain microwave
images from both synthetic data and laboratory measurements. Numerical simulations involve three-
dimensional realistic models of stroke-affected heads, whereas simplified cylindrical phantoms have been
exploited for the experimental validation of the approach. In both conditions, the proposed technique
yields promising results, which may be considered a preliminary step towards the realization of a clinical

imaging prototype.

INDEX TERMS Microwave imaging, inverse scattering, brain stroke, hybrid methods.

. INTRODUCTION

NE OF the most critical diagnostic situations, when

proper therapeutic decisions should be taken as rapidly
as possible, is related to patients affected by brain injuries.
An example is given by stroke [1], a well-known disease
whose sudden occurrence affects a significant percentage of
the elder population worldwide and which may lead to death
or permanent disabilities [2].

The diagnosis of brain injuries customarily relies on
computerized tomography (CT) and magnetic resonance
imaging (MRI). However, such imaging devices cannot be
used on-site for a pre-hospital investigation. To overcome
this problem, several approaches are under test. Microwave
techniques, although not yet included in common clinical
practice, are now listed among the promising pre-hospital
technologies to aid stroke diagnosis [3], [4].

Indeed, the microwave detection of brain injuries and
strokes has known a relevant development in the last
years, leading to several systems and algorithms [5], [6].
The advent of wearable -electromagnetic applications

has further pushed the research towards this direc-
tion, with an intensive study about flexible and bio-
matched radiating devices to be employed in portable
systems [7]-[10].

Besides classification-based methods [11], [12], the sci-
entific research about microwave imaging for brain injuries
detection and monitoring usually follows two distinct paths.
One of these is represented by qualitative approaches,
whose scope is to produce an image that spots the
stroke location, without information about its dielectric
characteristics [13]-[16]. Benefits of these strategies include
speed, reduced computational burden, and robustness ver-
sus noise. Nevertheless, having a pointwise indication about
the material of the inhomogeneity inside brain may rep-
resent a concrete aid in the diagnosis of these patholo-
gies. This is the application field of quantitative imaging
techniques [17]-[21]. The progress in this area is continuous,
and some recent advances have been obtained by adopting
deep-learning-aware inverse scattering methods [22]-[26].
However, the quantitative retrieval of the head properties by
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FIGURE 1. Configuration of the brain injury characterization problem. A set of
antennas is placed on a measurement line around patient’s head.

using microwave radiation still constitutes a very challenging
inverse problem.

In this framework, good results have been also
obtained in tomographic configurations by adopting reg-
ularization methodologies developed outside the conven-
tional setting of Hilbert spaces [27], [28]. However, even
in the best-performing variable-exponent Lebesgue-space
algorithm [28], a fully adaptive definition of the exponent
map (which is a function of the position inside the inves-
tigation domain) was not exploited from the first Newton
iterations due to the absence of a-priori information about
the scene under investigation.

The above considerations have led to the development
of the hybrid inverse-scattering technique proposed in this
article. This approach aims at combining the benefits of
a qualitative method, based on a synthetic-aperture focus-
ing technique, with a nonlinear variable-exponent inversion.
In particular, the map retrieved by the qualitative technique
is adopted inside the inexact-Newton scheme to define the
exponent function. To the best of our knowledge, this is
the first time that a hybrid qualitative-quantitative nonlinear
inversion method of this kind is proposed for microwave
detection of brain injuries. Its validation has been done
against simulated data, thanks to the definition of stroke-
affected three-dimensional head phantoms, as well as with
a preliminary experimental configuration involving a system
prototype and liquid-filled cylindrical targets.

The paper has the following structure. In Section II, the
proposed hybrid imaging method is presented, starting from
the statement of the inverse problem. Sections III and IV
discuss numerical and experimental results, respectively. At
the end, conclusions are outlined in Section V.

Il. METHODS AND PROCEDURES

Let us start by considering a tomographic configuration,
where patient’s head is illuminated in turn by a set of S
antennas placed around it, as sketched in Fig. 1. In this way,
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a multiview arrangement is created. Radiated electric fields
are assumed to be z-polarized and without components on
the xy plane (i.e., transverse-magnetic) inside the inversion
procedure, to retain a scalar and two-dimensional problem
formulation [5]. A horizontal cross section of patient’s head
is enclosed in a two-dimensional investigation domain D of
arbitrary shape lying on the xy plane, where r; = xX + yy
indicates the position vector. For each position of the source
antenna r; (s = 1,...,S5), the z component of the electric
field is collected in a measurement domain M (s =1,...,5)
which is an elliptic line at the same height of the source
with axes length aps and by, respectively. Nonmagnetic
materials are assumed, that is, magnetic permeability is
= o =~ 4 x 1077 H/m everywhere. A frequency-domain
formulation is assumed here with an ¢’ time dependence
of field quantities (not shown for brevity), w € B being the
angular frequency that lies in band B.

A. STROKE IMAGING AS A NONLINEAR INVERSE
PROBLEM

In a stroke imaging application, the aim is to reconstruct
the distribution of dielectric properties inside the head, in
order to identify and monitor the pathology. To this end,
two different conditions are considered. The first one is
characterized by a reference distribution of the dielectric
permittivity €, (r;, ), which is assumed to be known (e.g.,
by previous measurements, eventually obtained with other
imaging modalities like MRI), whereas the second one is
represented by the actual pathologic condition, characterized
by dielectric permittivity €, (r;, ). These two situations cor-
respond to z-components of electric fields Ejs o (r;, @) and
E; 11 (x;, ), respectively, with s =1,...,5, r; € R2. In each
case, a set of S differential equations relates the electric field
to the dielectric properties of the scene, i.e.,

[ V2 + 0 wocitrs, @) |Enitr, @) = jonodsar @), (1)

where i = 0,1 and s = 1,...,S, Ji(r;, w) being the
z-component of the current density that generates the sth
incident radiation (assumed the same in both cases). In
order to retrieve the dielectric variation between these
two situations, a contrast function 7(r;, ) = [&;(r;, w) —
€n(rs, w)]/ep(w) and a difference field, AE(r;, w) =
Esn(ry,w) — Esio(rs, 0), s = 1,..., S, are defined, where
ep(w) = €€, p(w) is the dielectric permittivity of the
considered background medium.

Under these conditions, the electromagnetic problem is
summarized by the following system of equations:

AEI (rta C())
[Vz + o poen(ry, 0))] :
AEs(r, o)
Ji(x, o)
= jopro : 2
J5(rs, o)

VOLUME 1, 2020



IEEE Open Journal of
Antennas and Propagation

Synthetic Aperture Focusing Technique

Normalization

AE (1, @) Q(r)
o S wd, (r .r') ; _ [Q(ry)]
; JOEAR ) Qnor(ry) = —)
| Q(r) = Z f f AE(r, w)e Y@  drdw p:g;ilo(r, |
: s=1(B M,
' Qnor(ry)
| Inexact-Newton/Landweber Method in 729 spaces
Coaxial !
cables N Start —» Method initialization at wp frequency |«
Switch matrix v - - :
| . Linearization step: Find & ; by solving the
T N, (t70) + N, 1670 = BE,, ) linearized problem —
d e ) (Landweber method in I F=f+1
p() A
Vector network _ Y ) LPY” spaces)
analyzer Defln;tlon of expoEnent functions v False
va,(rr) and pf’f bas'ed on' Tri+1 = Tpi + 6py GG
Qnor(1) and previous iterations J =
v
PC-based data . False True y
i=i+1 Conv. End

acquisition control

FIGURE 2. Block diagram of the whole inverse scattering approach for brain injury detection and monitoring. Building blocks of the measurement system prototype (left) and

hybrid data processing technique (right).

where JI (r;, w) = jwep(w)T(r;, w)Eq (17, w). The actual per-
mittivity €, (r;, w) being unknown, J? (r;, ), ©(rs, ®) and
E(r;, ) turn out to be unknown quantities as well for
r; € D. In particular, E(r;, ®), which represents the total
electric field of the actual configuration, depends on the
value of 7(r;, ).

If we suppose that, between the reference and the actual
configuration, everything is unchanged except the target
inside the investigation domain D, i.e., €(r;, ®) = €x(r;, ®),
r; ¢ D, the difference field between these two situations is
given by

AE(r;, ) =ja)/Lo/ Ji (r;, a))G(r,, r), a))dr; 3)
D

where G(r,, r;, a)) i.e., the Green’s function, is the solution
of the following inhomogeneous differential equation:

[VZ + 0 o (ry, a))]G(r,, roo) =r-r) @

in which 8(r; — r}) is a Dirac’s delta function centered
at r;. Please note that, since inside J{ (r;, w) the contrast
function multiplies the electric field of the actual config-
uration, (3) establishes a nonlinear relationship between
the difference field AE;(r;, w) and the values of 7(r;, w).
With a shorter notation, this fact can be expressed as
AE;(r;, w) = Ny(t)(rs, w), where Ny is a nonlinear oper-
ator that maps the contrast function on difference electric
field measurements for the sth view. When all views are
considered, a system of nonlinear equations is formed as

Ni(t)(rs, ) AE|(r;, o)

Ns(0)(rr, ) AEs(r:, )
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Here, the right-hand side is a column vector containing the
available data (in each row, r; € M, s =1, ..., S), whereas
(r;, w), with r; € D, is the main unknown. The result is
a nonlinear inverse scattering problem, written in compact
way as Nw(‘t) = AE,, where AE,, € E (data space), Tt € T
(space of unknown), and a nonlinear operator is defined such
that N, : T — E. The solution strategy is outlined in the
following Sections.

B. OUTLINE OF THE HYBRID INVERSION PROCEDURE
The task of retrieving the contrast function 7 (r;, ®) from (5)
is accomplished by means of a hybrid inversion procedure,
whose goal is to combine a fast qualitative processing with
an accurate quantitative reconstruction approach. A block
diagram of the proposed method, which also comprises the
main parts of the data acquisition system, is visible in Fig. 2.

During monitoring phase, the total field measurements
acquired with the reference configuration are subtracted in
order to compute AE(r;, w), s = 1,...,S. The difference
field data retrieved in this way are firstly processed by
a Synthetic Aperture Focusing Technique (SAFT) [29]-[31],
where a qualitative image of the internal changes in the head
cross section is obtained. This processing step, detailed in
Section II-C, is very fast and produces an output image Q(r;),
r; € D, which is subsequently normalized with respect to its
maximum value. The resulting normalized indicator function
Onor (r;) assumes values proximal to unity where significant
changes in complex permittivity are detected between €,9 and
€1 (in other words, where contrast function t significantly
differs from zero), and lower values otherwise.

The next step of the hybrid procedure is quantitative inver-
sion. To this end, a variable-exponent Lebesgue-space setting
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is considered, where the information conveyed by the nor-
malized qualitative indicator function Qnog(x;) is exploited
to build an initial map of the exponent function of the
space of unknown. The processing method belongs to the
inexact-Newton class, and a Landweber-type algorithm in
LP®) spaces is used as an inner loop. In addition, the quan-
titative technique incorporates a frequency-hopping strategy.
The final result is a pointwise characterization of the contrast
function t(r;, w), which quantitatively describes the varia-
tions in the dielectric properties of patient’s head between
reference and actual configuration. A detailed description of
the whole reconstruction process is presented in Section II-D.

C. CONSTRUCTION OF AN APPROXIMATE

QUALITATIVE MAP

In the first step, a SAFT technique is applied to the set of
measured difference field data, AE(r;, w), r; € M, s =
1,...,S, to retrieve a qualitative indicator function Q(r;),
r; € D, which allows an initial estimation of location and
size of the detected inhomogeneity inside head. In particular,
the indicator function is given by

5 Jeods (re.x}
o) = Z |:/ f AE(r), w)e d‘E@ )dr da)j| (6)
s=1 B JM;

where r; € D, B = [Win, ©max] 1s the angular frequency
band where electric field is collected, ds(r;, r}) = |r; —
vl + I — rfll, and v(@) = (noRfeg(@hH™"/* is the
frequency-dependent wave propagation velocity, €,(w) being
an estimation of the average complex permittivity of the
background medium. In the cases presented in this article,
€¢() is taken as the Debye model of the external coupling
medium, which has similar properties to the internal head
tissues.

It is worth noting that the SAFT formula in (6) is similar
to the orthogonality sampling method (OSM), introduced
in [32] and recently physically interpreted in [33], [34].
Basically, in the OSM, the phase shifting term in the SAFT
indicator function (6) is replaced by another phase factor,
which is related to the far field pattern of the Green’s func-
tion. Indeed, both methods provide an indicator function that
assumes high values in the points belonging to the targets,
which represent dielectric discontinuities in the propagation
medium. Therefore, the OSM will be also considered in
future works as a possible efficient alternative for obtaining
a more accurate initial qualitative estimation Q(r;) of the
inhomogeneities inside patient’s head.

A normalized indicator function Qnogr(r;) is then calcu-
lated as Onor(r/) = |Q(r;)|/maxy,ep |Q(ry)| for r; € D. This
function then assumes values between 0 (where no inhomo-
geneities are detected with respect to the background) and
1 (around the approximate location of the brain injury).

D. QUANTITATIVE INVERSION IN VARIABLE-EXPONENT
SETTING

The quantitative step is built around an inexact-Newton algo-
rithm, whose scheme is drafted in Fig. 2. As to the input
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data, we assume that field measurements at F different angu-
lar frequencies wyj; = W] < Wy < + -+ < WF = Wpgy 10 the
considered band B are available (ﬁwf, f=1,...,F). These
data are exploited inside a frequency-hopping approach,
where the inverse problem is solved starting from f = 1,
using the results as a-priori information for the following
reconstruction steps, time after time.

At w = wy, the method is initialized with a contrast func-
tion equal to 71,1 = 0 for f = 1, whereas in the subsequent
frequencies (f > 1) the initial guess is obtained by scaling the
previous reconstruction result Ty with respect to frequency,
ie., 7,1 = {RITr-16p(0r— 1] + jI[Tr—1€p(wr—1) ]}/ €p(wp).

After that, the inexact-Newton loop starts, whose itera-
tions are indicated with index i = 1,2, ..., 1. In each step,
the equation wa(r) = ﬁwf defined in Section II-A is lin-
earized around 77 ; by means of the Fréchet derivative of the
nonlinear operator Jwaf (denoted here as J\Jjwf ;
the linear equation

Noy (17.1) + Noyp 874 = AE,y )

). As a result,

is obtained, where dr; € T is the unknown of the linearized
problem, which is found by a truncated Landweber-type
method in I7®) spaces [35].

The inner loop solves (7) in a regularized way by consid-
ering the space of unknown as a variable-exponent Lebesgue
space T € LP), with p(-) = p} .(r), r; € D, where the cor-
responding exponent function depends on the position inside
the investigation domain D. The data space E € I? is a fixed-
exponent Lebesgue space with p = p .. Indeed, a key point
of the hybrld approach is the deﬁmtlon of these exponent
functions Pf,i(l‘t) and p 7RE The exponent function of the space
T, which is a function of r; inside D, is calculated for each
Newton linearization step and for each frequency value tak-
ing into account the qualitative reconstruction Qnog(r;) and
the results of previous iterations as follows:

Ds + ApOnor(Ty), i=1,f=1
|Tp—1(r)] .
pray =Pt A e =L @)
ps + Ap |1 ) i>1

maxrep |77,i—1 (r7)|

where p; is the minimum value of the function, and Ap the
extent of its variation inside D. In other words, p}i(r,) is
chosen such that:

o At the beginning of nonlinear inversion, p} ; 1s maxi-
mum where the qualitative step of Section II C found
relevant inhomogeneities with respect to the back-
ground, i.e., where the injury is located;

« When the algorithm starts with a new frequency, p{ ; s
linearly connected to the normalized contrast function
magnitude at the previous frequency step;

« Inside each Newton loop, pr’i is chosen based on the
contrast function magnitude retrieved at the previous
linearization step.

As to the exponent function in the data space E, it is
chosen as the spatial average value of p;i(r[) for r, € D,
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that is

1
E T
Pri= um) /Dpf’l(rt) i

where (D) indicates the measure of the investigation
domain D. Both maps are therefore adaptively defined
for each Newton step and are kept fixed for the inner
Landweber loop. The inner iterations (indicated with index
=1, 2,...,L) start with initial guess &¢;1 = 0 and are
structured as

€))

T

re (T
O i+l = J?*” {J?’I (8r..1)
e PE _ —
+ BN T (Awa = Ny (17.) = N, ~3f,zzl>} (10)

i i
where N/:,z is the adjoint of the linear operator N;)f,i, ]?2(')
represents the duality map of Lebesgue space €2 with expo-

nent p(), B=1/|N,

4l is the step size, and p}f is the

@f
point-wise Holder conjugate of p;i [36].
When a suitable solution 8r; = &f;; is found inside

the inner loop, the estimate of the unknown function is
updated as

1)

The outermost frequency-hopping loop is terminated when
data at the last frequency have been used (f = F). The num-
bers of performed inexact-Newton and Landweber iterations
(I and L, respectively) are defined as the minimum values
between those satisfying a stopping threshold based on the
relative variation of the data residual (denoted by Ar) and
the predefined maximum numbers of iterations (Iy; and Lyy,
respectively).

ikl = Tf,i + Of.i

lll. NUMERICAL RESULTS

The proposed diagnostic method has been firstly tested
by processing synthetic data obtained in 3D configura-
tions. Brain injuries mimicking hemorrhagic strokes have
been emulated inside the head of the AustinWoman voxel-
based model [37]. The dielectric properties of tissues
inside the numerical phantom have been characterized by
means of third- and fourth-order Debye models, when
available [38], [39]. The internal stroke geometries have
been inspired by the analysis of an open-source collection
of segmented MRI images of stroke-affected patients [40].
In order to define the stroke lesion inside head, white mat-
ter tissues have been replaced with the dielectric properties
of blood in a region given by the subtraction between
two ellipsoids. This allows the creation of realistic shapes
with irregular borders. The first ellipsoid has its center in
r; = (i, yi, ;) and has semiaxes of length a;, b; and c;. The
second one (whose volume is subtracted from the first) has
the same size and is centered at r, = (x; + (d — 2)a;, yi, Zi),
where d indicates a percentage shift on the x axis. The
head phantom is immersed in a matching medium character-
ized by a complex dielectric permittivity €5, whose dielectric
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FIGURE 3. Complex relative dielectric permittivity of the 70:30 glycerin:water
mixture adopted as coupling medium in both numerical simulations and experiments,
according to the Debye model in [28].

properties follow the Debye model of 70:30 glycerin:water
mixture presented in [28] and are reported in Fig. 3. A set
of § = 16 positions around the numerical head phantom
has been considered to define the measurement domain.
These locations lie on an horizontal ellipse at z = 0.187 m,
whose x and y axes have dimensions dy = 0.184 m and
dy = 0.22 m, respectively. In numerical results, the refer-
ence distribution of the dielectric permittivity €,(r;, @) is
taken as the healthy head.

The field values have been computed in time domain by
means of the finite-difference time-domain (FDTD) soft-
ware gprMax [41], which is an open-source package for
electromagnetic simulation [42]. The 3D forward simulation
domain has been partitioned into 3.408 x 10° cubic cells of 2-
mm side, and its extension is 0.284 m (142 cells) x 0.320 m
(160 cells) x 0.284 m (142 cells) on x, y, and z direc-
tions, respectively. All around the FDTD simulation domain,
absorbing boundary conditions have been implemented with
a 10-cells wide perfectly matched layer. The evolution of
electromagnetic fields in time domain has been simulated
for a time interval of T = 3 x 1078 s, with a time step of
3.85 x 107! 5. In a multiview arrangement, each of the S
previously defined locations around the head is in turn occu-
pied by a Hertzian dipole source (z-polarized), whereas the
other ones are used to sample the z component of the electric
field (measurement domain My, s =1, ..., S). The transmit-
ting antennas are fed by Gaussian derivative waveform with
central frequency of 1 GHz. After FDTD simulations, data in
frequency domain have been extracted by a Fast Fourier
Transform (FFT). In particular, F' = 7 frequency values, uni-
formly distributed in the band [600, 900] MHz have been
considered. The computed values of ﬁwj», f=1...,F,
have been corrupted with an additive Gaussian noise with
zero mean value and SNR = 25 dB. The numerical sim-
ulations have been performed on a workstation equipped
with an Intel Core i7-2600K CPU at 3.40 GHz, 8§ GB of
RAM, and a NVIDIA GeForce GTX 650 GPU with 1 GB
RAM, which has also been used to run the inversion method.
Forward simulations required a computational time of 449 s
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FIGURE 4. Three-dimensional numerical phantoms of stroke-affected head. First
test case: (a) Top view, (b) side view. Second test case: (c) Top view, (d) side view.

approximately for each view, with a peak usage of 592 MB
of main RAM and 741 MB of GPU RAM.

A. FIRST TEST CASE

The first case of brain injury comprises a stroke of medium
size (semiaxes a; = 0.01 m, b; = 0.03 m, ¢; = 0.02 m)
located at r; = (0.125, 0.169, 0.187) m, with d = 0.7. The
3D model of the head is visible in Fig. 4(a) and Fig. 4(b),
which show that the hemorrhagic inclusion is quite deep
inside phantom’s brain. A cross-sectional view of the com-
plex relative dielectric permittivity on the xy plane located
at the stroke center (z = 0.187 m) is also reported in
Fig. 5(a)-(b).

With reference to Section II-D, the inversion algorithm
has been run with exponent parameters p; = 1.4, Ap = 0.6,
maximum number of iterations Iy = 50, Ly, = 100, and
residual variation threshold Ar = 0.01. The whole inversion
method required a computational time of 174 s (45 s for
each processed frequency, approximately) and a peak usage
of 40 MB of RAM. Reconstruction results are shown in
Fig. 6(a)-(c). In details, Fig. 6(a) reports the qualitative indi-
cator Qnor, wWhereas the subsequent figures are related to the
quantitative inversion, reporting the reconstructed contrast at
900 MHz. Clearly, the stroke location is correctly detected
by the qualitative step (despite the presence of background
artefacts) and the final result is a quite accurate description
of the contrast function inside the investigation domain D
(the actual value of te, ) inside the stroke at 900 MHz is
equal to 17.49 — j22.82).
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FIGURE 5. Complex relative dielectric permittivity at 900 MHz on a cross-sectional
slice at z = 0.187 m of the stroke-affected head phantoms. First test case: (a) Real
part, (b) imaginary part. Second test case: (c) Real part, (d) imaginary part.

The overall quality of the dielectric reconstruction has
been assessed through the following performance metrics,
which measure the difference between the reconstructed
contrast function and its actual value:

1 / |z(r;) — Tactual(rt)|d
|‘Cactual(rt) + 1| '

(kg =
tar wlD D bkg
[bkg {

tar tar

12)

where eprg and ey, are the relative reconstruction errors on
the background and inside the brain lesion, respectively (rep-
resented by regions Dpy, and Dy, p being the corresponding
measure).

The behavior of these quantities in the various frequency-
hopping steps of the inversion procedure is reported in
Fig. 7, in comparison with the results provided by the stan-
dard variable-exponent approach [28]. Several interesting
facts can be noticed. First, both error metrics are lower
with the proposed hybrid method, although a greater dif-
ference is observable in background error epr,. Moreover,
the error computed inside the brain lesion e, decreases as
the considered frequencies become higher, whereas the back-
ground error ey, exhibits small changes among the various
frequency steps.

B. SECOND TEST CASE

In the second set of numerical simulations, a larger stroke-
mimicking inclusion has been considered, where the main
ellipsoid has semiaxes a; = 0.021 m, b; = 0.06 m,
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FIGURE 7. Numerical results, first test case. Relative reconstruction errors on the
background (ebkg) and on the target (ey,,) versus frequency. Comparison between
the proposed approach and the standard method [28].

¢i = 003 m, d = 0.7, and it is centered at the point
r; = (0.175, 0.189,0.177) m. The resulting 3D shape of
the stroke is highly irregular and significantly different from
the previous case, as shown in Fig. 4(c)-(d). It is worth not-
ing that this kind of hemorrhage appears quite large as seen
in transparence from the top, but it presents several internal
voids, as visible in Fig. 4(d). This very complicate structure,
which of course makes the detection more challenging, is
also evident from the distribution of the complex relative
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dielectric permittivity on a horizontal slice at z = 0.187 m
reported in Fig. 5(c)-(d). The contrast function inside the
stroke is the same as in Section III-A.

With the same inversion method parameters as the
previous case, results are shown in Fig. 6(d)-(f). As before,
the qualitative map Qnor provides a good approximation of
both the stroke position and its extent. The quantitative inver-
sion is more challenging than before, due to the lesion shape.
An artifact appears on the top of the real part of 7, due to the
highly irregular conformation of the target. However, a good
overall estimation of the dielectric properties is found.

In Fig. 8, the relative reconstruction errors are plotted and
again compared with [28]. Even here, both error metrics are
always lower with the proposed approach. Differently from
the first test case, however, errors are averagely higher and
epkg slightly increases with frequency. This can be ascribed
to the increased size of the stroke, which leads to more
background artefacts. The observed trends of the target error
erqr show no significant differences with respect to the first
test case.

IV. INITIAL EXPERIMENTAL VALIDATION

The microwave imaging method proposed in this article has
also been validated against experimental data. The measure-
ment setup, shown in Fig. 9(a), includes a vector network
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FIGURE 9. Configuration adopted for the initial experimental validation: (a) picture
of the measurement setup; (b) First phantom; (c) Second phantom.

analyzer (VNA), a switch matrix (not visible in the pho-
tograph), a control personal computer (PC), and § = 16
cavity-backed bowtie-like antennas [27] placed in contact
with the phantom through bags filled by a 70:30 glyc-
erin:water mixture [43].

In these initial tests, the phantom is a liquid-filled labora-
tory beaker with cylindrical inclusions, which defines a very
simple and reproducible model of a cross section of the head
affected by hemorrhagic stroke. The characteristics of the
adopted containers are listed in Table 1. In particular, two dif-
ferent phantom configurations were tested. The first phantom
[Fig. 9(b)] is built placing Cylinder #2 (20-mm graduated
cylinder, filled with a 0.9% saline solution) inside Cylinder
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TABLE 1. Characteristics of the simplified targets adopted in the initial experimental

validation of the hybrid method.

Cylinder #1 Cylinder #2 Cylinder #3
Capacity SL 100 mL 500 mL
Type Laboratory Graduated Graduated
yp beaker cylinder cylinder
Center
position (0, 0) mm (45, 0) mm (25, 0) mm
Diameter 180 mm 20 mm 52 mm
Material Polypropylene Polypropylene Polypropylene
Filling 70:30 glycerin: 0.9% saline 0.9% saline
liquid water mixture solution solution

#1 (laboratory beaker, filled with 70:30 glycerin:water mix-
ture) at the position reported in Table 1. The second phantom
[Fig. 9(c)] presents Cylinder #3 (52-mm graduated cylinder,
filled with a 0.9% saline solution) inside Cylinder #1 as
external container.

The reference configuration is a homogeneous cylinder
with 180 mm diameter and dielectric permittivity €,(r;, €)
given by the Debye model of 70:30 glycerin:water mixture
from [28]. The result of the method validation with these
experimental configurations is reported in Fig. 10 (white cir-
cles indicate the true profiles). In particular, the first and the
second row concern the two different phantoms. Parameters
are the same as Section III, except for Ar = 0.3.

As to the first case (small inclusion, Cylinder #2) an
already good qualitative image is obtained [Fig. 10(a)], which
is followed by a correct reconstruction of the dielectric prop-
erties inside the quantitative step. Artefacts of small intensity
can be noticed on the background, but the inclusion size
and its properties are characterized quite well (the actual
value of 7€, at 900 MHz is equal to 29.15 — j16.66
approximately). The second phantom (medium-size inclu-
sion, Cylinder #3) evidences a more involved reconstruction,
since the qualitative map presents more artefacts and an
imperfect estimation of the target. An underestimation of
the target size can be observed also inside the recon-
structed dielectric properties at 900 MHz. Nevertheless, is
also evident that, despite the rather low quality of the ini-
tial qualitative map, the inversion method has been able to
identify the target.

V. CONCLUSION

Brain injuries constitute a life-threatening event where
patients’ health benefits from a rapid on-site diagnosis.
In the context of emerging electromagnetic technologies,
a microwave approach to the imaging of brain injuries has
been pursued in this article. A new hybrid tomographic strat-
egy that combines qualitative and quantitative inversion has
been introduced. In particular, the information provided by
a synthetic-aperture method has been integrated with a non-
linear variable-exponent algorithm in Lebesgue spaces, in
order to define the exponent function in a more effective way.
The proposed inverse-scattering method has been validated
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FIGURE 10. Experimental results. First phantom: (a) qualitative map; (b) real and (c) imaginary part of ey p in the last frequency-hopping step (900 MHz). Second phantom:

(d) qualitative map; (e) real and (f) imaginary part of Terp at 900 MHz.

with three-dimensional numerical simulations involving real-
istic head models, as well as against experimental data,
measured with an initial prototype applied on simplified tar-
gets. Results are promising, although the reconstruction of
large and irregularly shaped lesions may be improved. Trials
with more realistic experimental phantoms, and the extension
to a fully three-dimensional setting will be also considered
as future developments.
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