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Abstract—This paper presents features and performance com-
parison of two non-iterative inversion approaches used for
microwave-imaging-based monitoring of after-onset stroke infarct
migrations, utilizing 3-D realistic full-wave twin numerical exper-
iments that mimic a controlled progressing hemorrhage scenario.
Specifically, it considers two well-established approaches with
the potential for real-time operation and low computational
demand: a tomographic approach based on a truncated singular
value decomposition and the Born approximation, a frequency-
domain method; and the Delay-Multiply-And-Sum, a time-
domain method. The setup and implications of both approaches
are discussed, and their performance is assessed using various
metrics, which indicate the fidelity of the retrievals.

Index Terms—Biomedical microwave imaging, brain stroke,
delay multiply and sum, inverse scattering, confocal microwave
imaging, truncated singular value decomposition.

I. INTRODUCTION

Stroke is a neurological disorder characterized by a disrup-
tion in the regular supply of rich-oxygen blood to the brain,
derived either from a clot provoking an ischemia (IS) or from
bleeding or ruptured vessels causing an intracranial hemor-
rhage (ICH) [1]. The clinical diagnosis of strokes strongly
relies on well-established imaging technologies, including
magnetic resonance imaging (MRI) and computed tomography
(CT) [2], [3], which provide reliable and accurate images
that support the identification of the infarct region, being key
for planning interventions. However, the clinical pathway still
lacks instruments for post-acute stroke follow-up. To overcome
this limitation, microwave imaging (MWI)-based solutions
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have emerged as a complementary approach, enabling the
development of compact, portable, cost-effective, and non-
invasive diagnostic systems [4].

At microwave frequencies, head tissues exhibit different
electromagnetic properties — permittivity and conductivity —
which contrast with those of the stroke lesion, allowing for the
retrieval of dielectric contrast maps using inverse scattering
imaging algorithms. In this work, two representative non-
iterative inversion strategies for microwave-based monitoring
of stroke evolution are compared: a tomographic approach
based on truncated singular value decomposition (TSVD) with
the Born approximation, and a confocal method relying on
delay-multiply-and-sum (DMAS) beamforming. Both algo-
rithms are assessed through 3-D realistic full-wave numerical
experiments that emulate progressive hemorrhagic scenarios.
Their performance is analyzed using multiple quantitative met-
rics to highlight strengths, limitations, and potential suitability
for real-time, low-cost monitoring applications in clinical
practice.

II. MATHEMATICAL FORMULATION

By definition, the MWI is an inverse ill-posed and non-
linear problem that retrieves a spatially distributed map, i.e.,
an image, of a dielectric contrast variation, ∆χ, within the
Domain of Interest (DoI), taking as input the differential
scattering samples, ∆S = St1 − St2 , measured outside of
DoI at two different time instants, t1 and t2. In the specific
case of the stroke follow-up, the retrieved images illustrate
the progression of the infarct zone between two different
examination instances. To address this problem, there are two
primary approaches: the direct, non-iterative approach and the
iterative approach. In the first case, the algorithm resolves the
problem in one shot, which is very convenient when working
with applications that require instantaneous results. On the
other hand, the iterative methods address the inversion as an



iterative optimization problem, requiring more computational
resources and resolving time.

Considering the real-time operational needs that may imply
the stroke follow-up, this work adopts direct approaches as
study subjects. Specifically, a single-frequency multi-static
configuration is employed in the TSVD case, while a mono-
static multi-frequency configuration is employed in the DMAS
case to generate time-domain responses via inverse Fourier
transform. In both approaches, a homogeneous human head
model is considered to build the inversion kernel.

A. Born Approximation and Truncated Singular Value Decom-
position

Assuming a small and concentrated ∆χ, a reasonable as-
sumption given the nature of a stroke monitoring scenario, we
linearize the imaging operator using the Born approximation.
Then, we regularize and invert the scattering problem using
the TSVD approach as stated in:

∆χ =

T∑
n=1

1

σn
⟨∆S, un⟩ vn, (1)

where σn, un, and vn are the n-th singular value, right, and
left singular vectors, respectively, obtained via the singular
value decomposition (SVD) of the discretized operator. In (1),
the truncation index T acts as a regularizer [5]. It is worth
mentioning that the singular system is computed offline, while
the contrast retrieval, i.e., the inversion, is performed in real-
time, taking only a few seconds on a standard laptop. Further
details might be found in [6].

B. Delay-Multiply-And-Sum

DMAS is a fast and robust beamforming algorithm used in
microwave imaging [7], [8]. Confocal-based algorithms image
by applying geometrically computed delays to the collected
time-domain signals to generate intensity maps that represent
the contrast in the dielectric properties of scatterers in the
background medium.

To isolate the contrast variation, a differential approach is
adopted [9], where the back-scatterer response of the i-antenna
taken in two consecutive time instants t1 and t2 Mi, is given
as:

∆Mi = Mt1
i −Mt2

i , i = 1, 2, ..., N, (2)

In a mono-static configuration with N antennas, the in-
tensity distribution I(r) at each focal point r of the DoI is
calculated as:

I(r) =

N−1∑
i=1

N∑
j=i+1

∆Mi(τi(r))∆Mj(τj(r)), (3)

where τn(r) = 2∥r − rn∥/v is the delay compensation for
the signal travel from the phase center of the n-transmitter rn
to r, n ∈ i, j, and v, the signal velocity in the background
medium.
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Fig. 1. Monitoring of ICH evolution. Normalized transversal cross-views
cut in the middle of the stroke region of the 3D retrieved maps using: (a-
b) TSVD, (c-d) DMAS. (left-column) variation between 20 and 40 cm3, and
(right-column) between 40 and 60 cm3. The red dotted contours indicate the
stroke shape. Dimensions in [mm].

III. NUMERICAL RESULTS

Synthetic scattering data are generated using a high-fidelity
frequency-based full-wave electromagnetic solver [6], [10].
The antenna system consists of twenty-two elements oper-
ating around 1 GHz and arranged in two concentric rings
surrounding a multi-tissue human head model. The scattering
parameters collected from each antenna pair are organized
in a matrix form Sm,n,k where m and n are the indices of
the antennas, and k corresponds to the frequency index. The
frequency range spans from 0.8 GHz up to 2 GHz. Detailed
information about the anthropomorphic head model, its inter-
nal tissue structures, and the corresponding electromagnetic
properties can be found in [11], [12]. As reference, the
properties of the tissues included in the model at 1 GHz,
skin, fat, bone, cerebrospinal fluid (CSF), white matter, gray
matter, and hemorrhagic stroke, have a relative permittivity
of approximately 40.27, 5.82, 14.02, 67.89, 39.73, 50.27,
and 65, and conductivity of approximately 0.82, 0.045, 0.13,
2.24, 0.76, 1.06, and 1.5 S/m, respectively. The stroke lesion
is modeled as a capsule-shaped hemorrhage, progressively
increasing in volume along the transverse plane from 20 cm3

to 40 cm3, and up to 60 cm3, as in [6].
The reconstructions for both algorithms are shown in

Figs. 1 and 2, transversal slices view and 3-D view, respec-
tively. These results confirm the feasibility of MWI in moni-
toring stroke evolution, signaling the target region, even when
using a distorted homogeneous kernel. Note that this is not
a trivial assumption, considering that patient-specific tissue
structures are often unavailable in many clinical scenarios.

To evaluate reconstruction performance, binary and full-
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Fig. 2. Monitoring of ICH evolution. Normalized 3-D reconstructions using:
(a-b) TSVD, (c-d) DMAS. (left-column) variation between 20 and 40 cm3,
and (right-column) between 40 and 60 cm3. Dimensions in [mm].

contrast metrics are used. In this context, metrics refer to
numerical indicators that quantify the similarity between the
reconstructed image and the corresponding ground truth. For
the former, a reference binary ground truth is compared with
a binarized version of the volumetric reconstruction, where
points above −5 dB are thresholded to 1, and 0 otherwise.
In contrast, the full-contrast ones use the normalized volu-
metric reconstruction alongside the ground truth. First, the
intersection over union (IoU) and dice similarity coefficient
(DSC) [13]. These evaluate the fraction of overlapping region
between the reconstruction and the ground truth, relative to
the union, as well as the total size of the areas, respectively.
Moreover, we use two other binary metrics, the size-based
metric (S-BM) and the boundary-based metric (B-BM), both
proposed in [14], to measure the size correspondence and
the distance between the boundaries of the reconstruction and
the ground truth, respectively. Regarding the full-contrast one,
we use the structural similarity index (SSIM) [15], a full-
contrast-based metric, to measure global image similarity with
respect to brightness, contrast, and structure. All these metrics
are bounded from 0 to 1; no correspondence between the
reconstructed image and the ground truth is represented with
0, and full correspondence is represented with 1. B-BM and
SSIM metrics evaluate differences between the reconstructions
and the ground truth with respect to the complete DoI volume.
When target variations are small relative to the total volume,
metric sensitivity is reduced. To enhance precision, we ad-
ditionally analyze these metrics on a partial-volume, which is
the region bounded by red-dash lines in Fig. 1 with 50% extra
margin, providing focused metric analysis.

Table I provides a quantitative summary of the reconstructed
volumes. The results show that, in general, TSVD achieved
higher values in IoU, and DSC, indicating a relatively better
overlap between the reconstructed volume/boundaries and the

TABLE I
IMAGING PERFORMANCE METRICS

Method
MWI

algorithm IoU DSC S-BM B-BM SSIM
Partial
volume

TSVD 0.3078 0.4669 0.8381 0.8656 0.3511
DMAS 0.2644 0.4145 0.8310 0.8254 0.3119

Full
volume

TSVD 0.3078 0.4669 0.8381 0.9179 0.8120
DMAS 0.2644 0.4145 0.8310 0.8967 0.7949

reference evolving stroke regions. DMAS and TSVD have
similar performance in S-BM, suggesting precise stroke vol-
ume estimation using both algorithms. However, this metric
overlooks the consideration of relative position. Finally, B-
BM and SSIM have differences between the full- and partial-
volume. But consistently indicate that TSVD predicts the
stroke evolving better than DMAS. In general, the evaluated
metrics are comparable for both algorithms, indicating that
they effectively reconstruct the fundamental structural infor-
mation of the stroke evolution. The MWI algorithms presented
in this work can be translated to practical systems, addressing
some practical implementation aspects, including but not lim-
ited to the use of adequate hardware, a low-noise measurement
environment, appropriate signal processing, and calibration,
among many others. In real implementations, the noise-free
conditions assumed in simulations would be addressed with
high signal-to-noise-ratio (SNR) equipment, high-phase sta-
bility cables, and adequate antenna isolation from external
electromagnetic interferences. For both algorithms, a priori
information such as the head anatomy of patients can further
improve the quality of MWI reconstructions, and such infor-
mation, obtained via MRI or CT, is often available in standard
post onset-stroke clinical protocols.

IV. CONCLUSION AND PERSPECTIVES

This work compares TSVD and DMAS in the context of
brain stroke monitoring. Both algorithms successfully local-
ize changes in dielectric properties within the injured brain
regions. Approximate models within the inversion kernel in-
troduce a model error that limits reconstruction accuracy; how-
ever, they still provide valuable information for clinicians. To
quantify the algorithms’ performance, a quantitative analysis
using biomedical imaging metrics was conducted. The results
show that TSVD and DMAS have comparable performance
for brain stroke monitoring. For future work, it is planned
to extend stroke follow-up by integrating additional a-priori
dependent patient information into the inversion kernel of
MWI algorithms to reduce artifacts in reconstructions.
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