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Abstract. Biomedical microwave imaging is a topic of
continuous research for its potential in different areas
especially in breast cancer detection. In this paper, 3D
UWB Magnitude-Combined tomographic algorithm is
assessed for this recurrent application, but also for a more
challenging one such as brain stroke detection. With the
UWB Magnitude-Combined concept, the algorithm can
take advantage of both the efficiency of Fourier Diffraction
Theorem-based  tomographic  formulation and the
robustness and image quality improvement provided by
a multi-frequency combination.
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1. Introduction

Microwave imaging is a topic of intense research for
its potential in biomedical applications and especially in
breast cancer detection. X-ray mammography is the
generally  well-established clinical breast imaging
technique for preventive screening and cancer treatment.
Other imaging techniques including MRI (magnetic
resonance imaging), ultrasounds or PET (positron emission
tomography), are recommended for cases where X-ray
mammography does not succeed, such as in women with
dense breasts or with high cancer risk to avoid exposition
to ionizing radiation, as reported in [1]. This, jointly with
other concerns, such as the ionizing character of X-ray
radiation, its uncomfortable (and even painful) application,
motivate the research in complementary or alternative
imaging methods exploiting other physical properties of
tissues. In this framework, the potential of microwave
imaging relies on the capability of microwaves to
differentiate among tissues based on the contrast in
dielectric properties, which is more important than those
exploited by X-ray mammography (the attenuation of
waves when passing through the breast structures) [2]. The
advantages for its practical clinical usage are significant,
including relatively low cost, the use of low-power non-
ionizing radiation and patient comfort.

Active microwave imaging relies on obtaining
information about a target from the scattered fields
measured at a number of probes, when the target is
illuminated with an incident field. This inverse scattering
problem can be addressed either by radar-based techniques
(refer to [3] for a review of UWB radar methods) or
tomographic methods. Tomographic approaches try to
solve the non-linear and ill-posed inverse scattering
problem, by either linearizing it or iteratively approaching
the solution. Many research groups are focused on iterative
algorithms to obtain quantitative reconstructions of the
dielectric properties of the target. Those are compu-
tationally intensive, above all for 3D reconstructions, and
usually contain some regularization scheme that requires
a priori information about the target, having a direct
influence into the algorithm convergence [4]. A number of
different methods and optimization schemes have been
proposed, [5]-[7], reporting useful 3D reconstructions of
numerical models, phantoms and first 2D measurements on
real patients [8]. However more research towards
increasing computational efficiently of the algorithms is
needed for a real time imaging. This opens the door to less
computationally heavy algorithms as the ones based on
linearizing approximations.

Linearizing approximations, on which the method
proposed here is partially based, allow to obtain robust
reconstructions, in a very efficient way, being however
limited to small relatively low-contrast targets to produce
quantitative reconstructions [9]. In general, biological
organs do not accomplish these requirements, thus, line-
arizing methods are restricted to qualitative recon-
structions. In [10], useful qualitative images of a trans-
versal cut of a human forearm were presented, retrieving
clearly the two bones.

The use of multi-frequency information in a con-
venient manner has been recognized as an opportunity for
linearizing methods to improve the image quality in non-
Born scenarios [11]. To this extent, it has not been used in
linearized tomography methods due to the well-known
frequency-dependent residual phase errors that appear
when electrically large and highly contrasted targets are
imaged. In the algorithm validated herein, namely 3D
UWB Magnitude-Combined (UWB-MC) tomography, an
amplitude (phase-less) multi-frequency combination is
proposed to overcome this undesired effect [12].
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Brain stroke detection is also addressed in this paper
to investigate the potentiality of the proposed algorithm in
such a challenging application, as proposed previously by
[5], [13]. The motivation to explore this case is the
difficulty to differentiate the cause of the stroke between
a hemorrhage or a blood clot. Both present similar symp-
toms, but opposite treatment, which must be given with the
maximum promptness. Up to now, the diagnosis relies on
bulky imaging methods, such as CT (computed
tomography), PET and MRI, which are not available in all
medical emergency units. This deficiency may definitely
delay or complicate the decision and eventually cause
important after-effects.

2. 3D UWB Magnitude-Combined
Tomographic Imaging Algorithm

3D UWB Magnitude-Combined tomographic imag-
ing, as the name suggests, proposes a compound coherent
multi-view image addition, which is typical of the
linearized-tomography-based algorithms, followed with
a magnitude multi-frequency image combination, in the last
step of the algorithm. In this paper a 3D cylindrical
geometry, as shown in Fig. 1 is studied. The cylindrical
array of both the transmitting and the receiving antennas is
composed by N,, 2a-diameter rings of N angularly
equispaced antennas. For a given transmitter, situated at 7,
the scattered field is measured at the receiver positions, 7.
This procedure is successively repeated for each transmitter
to complete a maximum of Ny X N, acquisitions.

i cext (fO)

rR,fO;rT)

Fig. 1. The target of permittivity e(#, f;) is immersed in a me-
dium of permittivity €,,;(f;). The measurement cylin-
drical array of antennas is composed by N, rings of N,
antennas of radius a, separated a distance A,. 77p
refers to the position of the transmitting and receiving
antennas respectively, and 77y is the direction of the
synthesized plane wave.

The theoretical basis for 3D UWB-MC to obtain the
dielectric contrast of the target is as follows. Let ¢(7, f;) be
the dielectric contrast expressed as

E(F' fO)

@ fo) = 1=

)

e(#, fo) and €., (f) being the complex permittivities of
the target and the external medium respectively, measured
at a particular frequency f;.

The dielectric contrast can be related to the induced
current on the target, J(7, fo, 74), by

j(ﬁfo: 7g) = _]'27Tfo(6(77; fo) — Eext(fo))ﬁt(?'fo’Fé) =
= j2n fo€exe (fo)c (@, fo)Et(F'fo'Fé) (2

where Et is the total electric field including the scattered
and the incident field.

Using the reciprocity theorem (3), one can obtain the

induced current on the target, ], r, from the scattered field
measured along the antenna

fffir : ER dvr = fff]_)R : ET dvg . 3

fT is the electric current on the cylindrical antenna acting as
a transmitter which radiates a plane wave electric field, E ,

propagating to a direction 7. fR is the electric current on
the target induced by a plane wave incident field pro-

pagating along the vector 7 (E),é). E r» 1s the scattered field
produced by fR.

When the cylindrical array is composed by linear z-
polarized antennas, fT is also z-directed, therefore, only the

z component of the ER field is needed, thus permitting
a scalar formulation.

Under Born approximation (the scattered field is
negligible in front of the incident field), the induced current

f r can be expressed as
oG forB2) = 121 fo€une (f)C G fo)ELE, fo 70) =
= k@ fo. %) Or. (4

Then, replacing (4) in (3), a Fourier transform ap-
pears, and the spectrum of the contrast profile can be
expressed as
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where E; (rRij, fo,erm) is the scattered field measured at
.. 5, S
a probe positioned at TRy when an antenna placed at TTm1S

transmitting. Ig(?;,R, fo;f”T,R) represents the amplitude to
be applied to a probe situated at 7’7 5 to synthesize a plane
wave towards 77 and vertical polarization [15] as a com-
bination of cylindrical waves emanating from a number of
probes.

From (5) it can be derived that for a given frequency,
when the object is illuminated with an incident plane wave
directed to 7, the Fourier transform of the scattered field
obtained at a direction 7z may be translated into the angular
spectrum of the dielectric contrast of the target sampled on
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the surface of a sphere of radius Koeyr = 27 fo\/ Hext€ext
centered at —kg o Py, Where #7p = cosOrpsingrg X +
Sinfrgsinrrr ¥ + cosOrp 2. Thus, the successive
angular scans will fill the spectral domain knowledge as
depicted in Fig. 2 [14]. In a similar way, by changing the
frequency of the incident wave, the radius of the sphere
changes providing more information in the spectral
domain.

Fig.2. 2D cut of the dielectric spectrum of the contrast. For
asingle transmitter and incidence frequency, the
spectrum of the contrast is sampled on the surface of

asphere of radius kg,,, centered at —Kgy:fr. For
another direction of incidence the sphere rotates.

The multi-frequency combination is then obtained by
combining only the magnitude of the multi-view images.

- Fnax

Cows-mc = Z

i=f,

‘min

FT™ (ck ) (6)

Due to the limited extent of the measurement surface
in the z direction, there is a truncation error, which is
translated as a deterioration of the synthesized plane wave
for 87 r close to the nadir or the zenith. Unacceptable plane
waves may produce the degradation of the reconstruction
and should be avoided. In order to prevent it 67 p has been
limited between 45° and 135°.

3. Simulation Results

This section gathers the preliminary assessment of
UWB-MC tomographic algorithm to study its applicability
to biomedical imaging. To do this, breast cancer detection,
and a more challenging application, such as brain stroke
detection have been considered.

The main goal in biomedical imaging is to develop an
imaging method with the best sensitivity, specificity and
good spatial resolution. Using microwaves, the requirement
of a good spatial resolution can be achieved by using high
frequencies; however the attenuation and the number of
antennas may become excessive, leading to an unfeasible
system. Accordingly, the frequency has to be bounded to
a certain value. In this case the synthetic data have been
obtained using a full wave simulation software (FEKO)

based on the method of moments, over a frequency range
between 0.2 - 2 GHz. The number and distribution of the
elements in the cylindrical array has been chosen to satisfy
the Nyquist spatial sampling criteria in order to avoid
aliasing, resulting in N, = 12 rings of 2a = 150 mm in
diameter, composed by Ny = 32 antennas each one
separated A, = 1 cm in the vertical direction.

The breast model consists of a hemispherical body of
90 mm in diameter covered by a 3 mm skin layer attached
to the chest wall with a spherical tumor of 8 mm inserted.
The breast tissue is modeled as a uniform low-adipose
breast tissue; see Fig. 3(a). An external medium of
€oxt = 34 is used to match the permittivities and ensure the
maximum power transmission inside the breast. The
frequency dispersive complex permittivity values of the
tissues are plotted in Fig. 3(b). In Fig. 4(a) and 4(b) the
results of 3D UWB-MC are presented. Fig. 4(a) shows the
3D reconstruction and Fig. 4(b) corresponds to a horizontal
cut containing the maximum contrast value, which matches
with the center of the tumor. Both figures plot the
normalized contrast in permittivities in dB scale. As it can
be seen, the images clearly indicate the detected tumor
placed at the correct position.
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Fig. 3. (a) Simplified breast model composed by a thin skin

layer and a uniform low-adipose breast tissue attached
to the chest wall with a spherical tumor. (b) Permit-
tivity and conductivity values of the model.

In case of brain stroke detection, the main issue
consists of differentiating hemorrhagic from non-
hemorrhagic strokes. This can be addressed taking
advantage of the sensitivity of microwave radiation to the
presence of blood thanks to its high permittivity. In this
paper, a simplified brain model is considered as a first
approach to the problem. It consists of a semispherical
body (equivalent to the upper part of the head) of 180 mm
in diameter composed by several layers corresponding to
the skin (3 mm of thickness), the skull (2 mm of thickness)
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and the brain itself. The brain includes the two hemispheres
of white matter covered by a layer of gray matter (20 mm
of thickness). The hemorrhage is simulated as a sphere of
blood inserted inside the white matter. The geometrical and
dielectric properties of the brain model over the frequency
are plotted in Fig. 5(a) and 5(b). Due to the significant
contrast between the successive layers, and above all due to
the important losses of the high-water-content brain tissues,
at the current state of development, UWB-MC algorithm is
not able to retrieve the stroke without using any assumption
about the target. Nevertheless, if functional brain moni-
toring is considered, sequential differential imaging may be
a solution to obtain reliable images of the evolution of in-
tracerebral blood hemorrhages. The subtraction of suc-
cessive measurements provides a low-contrast scenario and
allows to monitor the evolution of the hemorrhage. Fig. 6
shows the results of differential 3D UWB-MC imaging. To
obtain this reconstruction, we have supposed to have
reference data obtained when the patient arrives at the
emergency unit having a small intracerebral hemorrhage of
5 mm. This reference measurement has been subtracted to
a second image presenting a bigger hemorrhage of 10 mm.
By doing so, the stroke can be detected and its evolution
tracked.
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Fig. 4. 3D UWB-MC reconstructions of the simplified breast
model. (a) 3D view. (b) XY cut.
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Fig. 5.

(a) Simplified brain model composed by a thin skin
layer, the skull, and the two brain hemispheres of
white matter covered by a layer of gray matter and
a spherical blood hemorrhage. (b) Permittivity and
conductivity values of the model.
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Fig. 6. 3D view of the differential UWB-MC reconstruction
of the simplified brain model.

4. Experimental Results

The aim of this section is to assess the potentiality of
3D UWB-MC algorithm deal with experimental meas-
urements, rather than presenting the experimental system
itself. The initial measurements have been obtained with
the setup shown in Fig. 7. A cylindrical sampling for both
transmitting and receiving antennas is accomplished by
constructing two virtual arrays moving two antennas by
means of a compound positioning system. Revolution sym-
metry phantoms (around z-axis) will be considered so as to
reduce the setup complexity to 3 degrees of freedom
provided by 2 linear positioners and a single rotary stage.
A linear positioner is used to move the phantom up and
down; the rotary stage confers the rotation on one antenna,
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while the other antenna moves up and down thanks to the
other linear positioner. The remaining measurements can
be obtained by taking advantage of the symmetry. A VNA
is responsible for the signal generation and reception, and
finally the whole procedure can be remotely controlled by
a computer. The measured phantom consists of a small clay
sphere (€, = 5.5) lodged into a paraffin sphere (€4 =
2.19) fixed with a PVC rod (€py,¢ = 2.9) from the top, as
depicted in Fig. 7. At the current stage of development, the
3D cylindrical measurement system does not permit to use
any liquid as matching media, and hence the phantom will
be surrounded by air.

J Antennas
Object under test —f—» :
z . Linear
<«—— PVC fixing oo
y stick positioners
x‘/ <— 2
| W& 3 Rotary stage

Fig. 7. Experimental setup with 3 degrees of freedom
permitting a quasi-cylindrical scan of the target. The
target consists of a clay sphere inside a paraffin sphere
supported by a PVC rod.

Preliminary reconstructions of simple objects inside
water using the 2D version of UWB-MC algorithm have
been presented in [16]. Working in air as external medium
the phantom constituents have been chosen considering its
permittivity to reproduce contrast ratios similar to the
biomedical simulated ones, while avoiding large contrasts
compared to the air. Moreover, to obtain comparable
reconstructions in terms of spatial resolution between
measurements and simulations (where a matching medium
of high permittivity has been employed) a frequency range
between 3 — 10 GHz has been used in the measurements.

Figs. 8(a) and 8(b) present the imaging results from the
measured data. Fig. 8(a) shows the reconstruction of
external appearance of the phantom composed by super-
imposing horizontal planes at different heights. The
contour of the paraffin sphere and the PVC fixing road are
well reconstructed, and even the transition between both
structures is represented with good accuracy. Fig. 8(b)
shows the correct detection of the internal sphere.

5. Conclusions

In this paper, the potentiality of 3D UWB Magnitude-
Combined tomographic algorithm has been assessed for
two well-known biomedical applications. The 3D extension
and the so-called UWB Magnitude-Combined technique
constitute the two main contributions of this algorithm. The

5 i
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(b)
Fig.8. (a) External appearance of the 3D UWB-MC

reconstruction of the experimental measurement of the
two nested spheres. (b) Internal 3D view.

proposed multi-frequency combination contributes to
enhance the robustness of the final image to frequency
selective artifacts and relatively large and contrasted
targets.

For the validation, simplified breast and brain models
have been reconstructed, taking into account the frequency
dispersive permittivities and conductivities of the tissues.
UWB-MC algorithm has reported satisfactory recon-
structions for the breast cancer detection application in
a particular case where the contrast between the breast
tissue and the tumor is low. Whille this is a challenging case
for radar-based algorithms [17], it is more favorable for
linearized tomography. On the other hand, brain stroke
detection constitutes a more challenging application due to
the successive lossy and highly-contrasted layers. To this
extent, a differential treatment has to be used, allowing to
monitor the evolution of a intracerebral hemorrhage.

Finally a cylindrical measurement system with 3 de-
grees of freedom has been constructed, and first images of
experimental data have been obtained for canonical
phantoms, showing robust reconstructions and encouraging
results.
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