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A B S T R A C T

A new reconstruction approach that combines Reverse Time Migration (RTM) and Genetic Algorithms
(GAs) is proposed for solving the inverse problem associated with transluminal shear wave elastography.
The transurethral identification of the first thermal lesion generated by transrectal High Intensity Focused
Ultrasound (HIFU) for the treatment of prostate cancer, was used to preliminarily test in silico the combined
reconstruction method. The RTM method was optimised by comparing reconstruction images from several
cross-correlation techniques, including a new proposed one, and different device configurations in terms of
the number and arrangement of emitters and receivers of the conceptual transurethral probe. The best results
were obtained for the new proposed cross-correlation method and a device configuration with 3 emitters and
32 receivers. The RTM reconstructions did not completely contour the shape of the HIFU lesion, however, as
planned for the combined approach, the areas in the RTM images with high level of correlation were used
to narrow down the search space in the GA-based technique. The GA-based technique was set to find the
location of the HIFU lesion and the increment in stiffness and viscosity due to thermal damage. Overall, the
combined approach achieves lower level of error in the reconstructed values, and in a shorter computational
time, compared to the GA-based technique alone. The lowest errors were accomplished for the location of HIFU
lesion, followed by the contrast ratio of stiffness between thermally treated tissue and non-treated normal
tissue. The homologous ratio of viscosity obtained higher level of error. Further investigation considering
diverse scenarios to be reconstructed and with experimental data is required to fully evaluate the feasibility
of the combined approach.
1. Introduction

The new imaging concept of transluminal shear wave elastography
was introduced throughout a collection of articles by Gomez et al. [1–
4], with the initial application focusing on prostate cancer detection
(see Fig. 1). The transluminal technique uses shear waves that are
transmitted directly into the bulk of the tissue by applying oscillatory
rotational forces on the luminal wall at a specific location of the
lumen length. The transmission produces a pseudo-spherical pattern
of shear waves, with arc-shaped vibration of particles (Fig. 2). Shear
waves are highly sensitive to changes in the viscoelastic properties
of tissue as their speed of propagation depends on the viscoelastic
properties of the medium [5]. Reflected waves originate when shear
waves encounter a region of altered viscoelastic properties, since these
alterations yield changes in the mechanical impedance. Part of this
reflected energy reaches back the lumen where shear-sensitive receivers
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in contact with the luminal wall measure the vibration amplitude.
A preliminary receiver prototype based on bespoke Lead Zirconate
Titanate (PZT) piezoelectric blocks (Noliac, Kvistgaard, Denmark) has
been patented [6] and initially validated in phantoms [2]. A minia-
turised version of the receivers is currently being developed in a
parallel study, with dimensions in the order of a 1 × 1 × 0.5 mm per
unit receiver. The characteristics of the mechanical contact between the
probe and the luminal wall have an impact on the transmission and
reception performance. However, these characteristics are application-
dependent, and therefore, must be investigated in application-specific
experimental studies.

Geometrical and mechanical features of the area of altered vis-
coelastic properties, including its location, size and change in vis-
coelastic properties, can be of clinical interest. For example, in cancer
detection, as many solid tumours show elevated stiffness compared
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Fig. 1. Conceptual idealisation of the transluminal shear wave elastography technique
applied in prostate cancer imaging. The conceptual probe features an emitter and an
array of receivers, all enclosed within the prostatic urethra. The emitter’s oscillatory
rotation generates shear waves transmitted into the tissue, and stiff regions, such as
tumours, reflect measurable waves captured by the array of receivers.

Fig. 2. Wave propagation principle in the transluminal shear wave elastography
technique. Shear waves propagates radially from the rotational oscillator. Particles
vibrate in an arc-shaped manner perpendicular to the propagation direction. Reflection
is generated as the shear waves interact with the area of altered viscoelasticity.
Source: Gomez et al. [3]

to the surrounding non-pathological tissue [5]. The geometrical and
mechanical characteristics may be obtained by solving the inverse prob-
lem related to the transluminal approach [1]. However, this inverse
problem presents limited angle view as the receivers are only located
in the luminal cavity. A classical minimisation approach can be used
to solve the inverse problem, where a forward model is iteratively
compared against the signals collected by the array of receivers. Ran-
domised search methods such as Genetic Algorithms (GAs) have been
successfully applied as minimisation methods. Their capacity of dealing
with complex problems, and at the same time, their permanent insis-
tence on global convergence is an advantage against other minimisation
methods, such as gradient-based methods [7].

In a previous in silico feasibility study for the detection of prostate
cancer by a transurethral elastography approach, a reconstruction
method based on a GA and an elastic forward model, was tested for
the reconstruction of the location, diameter and shear modulus 𝜇 of a
prostate tumour [1]. Nonetheless, soft tissue behaves viscoelastically.
Classical viscoelastic rheological models, such as the Kelvin Voigt or
Zener models, have been used for modelling the wave propagation
of shear waves [8]. Furthermore, fractional viscoelastic models, such
as the Kelvin Voigt Fractional Derivative (KVFD), have been proved
to model more accurately the velocity dispersion and the frequency-
dependent attenuation law of shear waves in elastography [9–11].
A KVFD-based forward model, solved using a Finite Difference Time
Domain (FDTD) approach, was developed in a previous work for
the transluminal shear wave elastography concept [3]. Compared to
the previously used elastic model, the KVFD-based forward model
introduces two extra variables: the shear viscosity 𝜂 and the exponent
of the fractional derivative 𝛼 [3]. Adding more variables to the forward
2

model increases the number of dimensions of the space of search for the
GA-based minimisation method, which leads to a larger computational
overhead. A strategy for coping with this can be reducing the size of
the search space.

Similar arrangements of receivers and emitters of the transluminal
procedure can be found in wave migration imaging. In general terms,
migration methods are inversion methods that involve the rearrange-
ment of wave information from time to space domain so that reflection
and diffraction are imaged at their true locations [12]. One of the
most successful migration methods is Reverse Time Migration (RTM).
Although its main application is in geophysics, RTM has also been
tested in medical imaging [13]. RTM could be used to find the location
of reflectors inside the medium, such as areas of altered viscoelastic-
ity. RTM uses a forward model of the wave propagation, commonly
FDTD-based models [14].

RTM has been compared against back projection in medical imaging
applications. Liu et al. [13] compared back projection and RTM in
in silico and ex vivo transcranial thermoacoustic tomography. Over-
all, RTM provided better geometrical accuracy and image quality,
nevertheless, results in an ex vivo monkey’s head showed distorted
geometries of inserted needles when using both techniques, due to a
selected wave velocity field far from reality according to the authors.
A follow-on publication improved the distortion issue by implementing
an iterative method that updated the wave velocity field from previous
RTM results until the convergence of the output was achieved [15].
Another relevant study of RTM in medical imaging presented a novel
approach for optical tomography [14]. The authors obtained high-
quality reconstructions from RTM in silico tests with sufficient contrast
and spatial resolution to achieve inner-structure identification.

The reconstruction problem associated to the transluminal shear
wave elastography technique depends on the specific application.
Transurethral elastography of the prostate was presented in a pre-
vious article as a primary potential application of the transluminal
approach [1–4]. Following a similar rationale, transurethral shear wave
elastography for the detection of the first High Intensity Focused Ultra-
sound (HIFU) lesion transrectally generated in the prostate [16,17] is
used in this article as a case with potential clinical relevance. Transrec-
tal HIFU thermal ablation is a suitable method for treating localised
cancer lesions in the prostate while reducing side-effects [16,17]. The
focused ultrasound waves rapidly induce a high increase of temperature
to 70–100 ◦C at the focal area [18], causing tissue coagulation which
leads to coagulative necrosis [19]. The stiffness of the treated tissue
undergoes a significant increase due to the formation of the thermal
lesion [20]. With suggested increments between 5 and 10-fold [21,22],
elastography stands as a suitable technique for monitoring the lesion
formation. Locating the induced lesion as soon as it appears and
monitoring its size are crucial for preventing damage to surrounding
healthy tissue, sensitive areas such as the neurovascular bundle and
the rectal wall, and also avoiding extra therapy sessions [23].

This article presents a preliminary in silico test for the combination
of RTM and GAs to serve as a reconstruction technique for translumi-
nal shear wave elastography. A previously developed FDTD forward
model is employed in the two reconstruction methods. Identification
from the urethra of a HIFU lesion in the prostate is used to test the
reconstruction method. First, the adaptation of RTM and GA methods
to the transurethral problem is described. Then, several correlation
approaches are evaluated for the RTM method. Also, different device
configurations, in terms of number of emitters and receivers, are anal-
ysed for the RTM method. Finally, the combined approach is tested and
compared to using the GA method alone, to reconstruct the location and
the increase in stiffness and viscosity of the HIFU lesion.

2. Methods

2.1. Wave propagation model

Both the RTM and the GA-based inversion methods employ a for-

ward model to simulate the propagation of waves. In this study, we
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Fig. 3. Geometry and system of coordinates of the wave propagation model. (a) 3D
example with one rotational emitter (red disk) and two cylindrical arrays of receivers
(blue cylinders), all elements making contact with the luminal wall; source: Gomez
et al. [3]. (b) 2D simplified geometry from the 3D case. The luminal wall surface in
contact with the receivers is indicated with a distribution of blue triangles.

utilise a forward model specifically developed for transluminal shear
wave elastography by our research group, previously described in
Gomez et al. [3]. This forward model is governed by a linear viscoelas-
tic KVFD constitutive law (Eq. (1)). According to the KVFD constitutive
law, the stress 𝜎 depends on the fractional time derivative of order 𝛼
of the strain 𝜖, as shown in the following equation for the shear case
(subscript 𝑠 means shear):

𝜎𝑠 = 𝜇𝜖𝑠 + 𝜂𝑠
𝜕𝛼𝜖𝑠
𝜕𝑡𝛼

(1)

where 𝜇 is the second Lamé’s parameter and 𝜂𝑠 is the shear viscosity.
Models based on fractional linear viscoelastic constitutive laws, such
as the KVFD, can reproduce the power law behaviour of cumulative
multiple relaxation processes observed in longitudinal and shear wave
propagation in soft tissue [24,25]. Furthermore, fractional viscoelastic
models can also reproduce absorption power laws with the exponent
taking values from a continuous range from 0 to 2 [10,26,27].

The forward model accounts for axial symmetry and is solved
using a FDTD scheme. By considering axial symmetry, the problem
is simplified to a 2D scenario, although it should be noted that this
assumption poses limitations as it does not fully capture the 3D nature
problem, particularly not for the 3D shape of the regions of altered
viscoelasticity, thus limiting its realism. Nevertheless, for the purpose
of this preliminary investigation, axial symmetry has been deemed
acceptable. Moreover, the model can accommodate different number of
emitters and receivers (see Fig. 3). The output of the wave propagation
model is the time domain readouts from the set of receivers 𝑢𝑚𝑜𝑑 . For
further details, the reader is referred to the works by Gomez et al. [3,4].

2.2. Reverse time migration

RTM uses the wave propagation model to in silico propagate the
excitation event, and the reversed-in-time received signals measured in
the experiment. The wave velocity field in the model is set as homo-
geneous since, in principle, it is unknown. Considering a transluminal
probe with 𝑀 emitters and 𝑃 receivers, the RTM method follows the
procedure below (see scheme in Fig. 4).

1. Experiment: shear waves are generated by the emitter 𝑒𝑚 (where
𝑚 = 1, 2, 3,… 𝑀) and detected at all 𝑃 receivers’ location,
𝑢𝑒𝑥𝑝. These signals are acquired by the receivers during suffi-
ciently long time to capture all the multiple reflections from the
medium.
3

2. Forward modelling: the excitation signal used in the experiment
is implemented into the wave propagation model at the corre-
sponding location of the emitter 𝑒𝑚. Then, the propagation is
simulated and the displacement field in the entire spatial domain
𝐹𝑚(𝑡, 𝑟, 𝑧) is stored for each time step 𝑡𝑛, with 𝑛 = 1, 2, 3,… 𝑁 as
the time step index, and 𝑁 the total number of time steps.

3. Reverse modelling: the signals measured at each receiver, 𝑢𝑒𝑥𝑝,
are reversed in time and implemented as excitation into the
wave propagation model at the location of each corresponding
receiver. Then, the propagation is simulated and the displace-
ment field in the entire spatial domain 𝑅𝑚(𝑡, 𝑟, 𝑧) is stored for all
time steps 𝑡𝑛.

4. Image correlation 𝐼(𝑟, 𝑧): cross-correlation of the displacement
fields 𝐹𝑚(𝑡, 𝑟, 𝑧) and 𝑅𝑚(𝑡, 𝑟, 𝑧) are mathematically processed us-
ing element-wise matrix operations. Four of these cross-correl-
ation methods have been previously employed in RTM, as doc-
umented in Wang et al. [14]. Additionally, we propose a novel
cross-correlation method, which is evaluated alongside the es-
tablished approaches:

• Original Claerbout cross-correlation method:

𝐼𝑐 (𝑟, 𝑧) =
𝑀
∑

𝑚=1

𝑁
∑

𝑛=1
𝐹𝑚(𝑡𝑛, 𝑟, 𝑧)𝑅𝑚(𝑡𝑛, 𝑟, 𝑧) (2)

• Source illumination method:

𝐼𝑠(𝑟, 𝑧) =
𝑀
∑

𝑚=1

∑𝑁
𝑛=1 𝐹𝑚(𝑡𝑛, 𝑟, 𝑧)𝑅𝑚(𝑡𝑛, 𝑟, 𝑧)

∑𝑁
𝑛=1 𝐹 2

𝑚(𝑡𝑛, 𝑟, 𝑧)
(3)

• Receiver illumination method:

𝐼𝑟(𝑟, 𝑧) =
𝑀
∑

𝑚=1

∑𝑁
𝑛=1 𝐹𝑚(𝑡𝑛, 𝑟, 𝑧)𝑅𝑚(𝑡𝑛, 𝑟, 𝑧)

∑𝑁
𝑛=1 𝑅2

𝑚(𝑡𝑛, 𝑟, 𝑧)
(4)

• Squared ratio method:

𝐼𝑟𝑎𝑡𝑖𝑜2 (𝑟, 𝑧) =
𝑀
∑

𝑚=1

∑𝑁
𝑛=1 𝑅

2
𝑚(𝑡𝑛, 𝑟, 𝑧)

∑𝑁
𝑛=1 𝐹 2

𝑚(𝑡𝑛, 𝑟, 𝑧)
(5)

• Proposed squared illumination method:

𝐼2(𝑟, 𝑧) =
𝑀
∑

𝑚=1

∑𝑁
𝑛=1 𝐹

2
𝑚(𝑡𝑛, 𝑟, 𝑧)𝑅

2
𝑚(𝑡𝑛, 𝑟, 𝑧)

∑𝑁
𝑛=1 𝐹 2

𝑚(𝑡𝑛, 𝑟, 𝑧)
(6)

where 𝐹𝑚(𝑡𝑛, 𝑟, 𝑧) is the displacement field of the forward propa-
gation generated by the 𝑚th emitter, 𝑅𝑚(𝑡𝑛, 𝑟, 𝑧) is the displace-
ment field of the reverse propagation generated by the 𝑚th
emitter.

5. Iterative process: Iteration of steps 1–4 for each 𝑚 combination
with transmission from emitter 𝑒𝑚 and detection at all the 𝑃
receivers.

6. Stacking: all the 𝑀 correlation images are stacked (element-wise
matrix addition) to produce the final reconstruction image 𝐼 .

2.3. Genetic algorithm-based inversion method

An inversion approach, based on the minimisation of the discrep-
ancy between experimental signals 𝑢𝑒𝑥𝑝 and signals obtained from
simulations 𝑢𝑚𝑜𝑑 , is tested as the second step of the combined re-
construction method. In general terms, the lower the discrepancy the
closer is the model to the experiment. The minimisation is achieved
by a GA method [28] adapted from the work by Haataja [29]. The
method was previously tested using a elastic forward model [1]. In
this case, viscoelasticity is taken into account by using the KVFD wave
propagation model as the forward model.
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Fig. 4. Steps of the RTM method. Filled red triangles represents the transmitting
emitter. Hollow red triangles represents the inactive emitters. Green small triangles
represents the distributed array of receivers. (1) Experiment: after transmission of the
shear wave, reflections are detected at the array of receivers. (2) The experiment is
simulated using a wave propagation model. The displacement field is stored at each
spatial and time node, 𝐹𝑚(𝑡, 𝑟, 𝑧). (3) The recorded signals from the experiment are
reversed in time. The reversed signals are inserted into the wave propagation model at
the location of their corresponding receiver. The displacement field is stored at each
spatial and time node, 𝑅𝑚(𝑡, 𝑟, 𝑧). (4) Both stored fields, 𝐹𝑚(𝑡, 𝑟, 𝑧) and 𝑅𝑚(𝑡, 𝑟, 𝑧), from
steps (3) and (4) respectively, are cross-correlated using Eqs. (2)–(6). (5) Steps (1)-(4)
are repeated for each emitter. (6) The resulting cross-correlation images from each
emitting configuration are stacked to obtain the final RTM image.

Quantification of the discrepancy is measured by a residual vector
𝑅(𝑝) defined as the mismatch between 𝑢𝑒𝑥𝑝 and 𝑢𝑚𝑜𝑑 , normalised by the
root mean square (RMS) of 𝑢𝑒𝑥𝑝 [30]:

𝑅(𝑝) =
𝑢𝑒𝑥𝑝 − 𝑢𝑚𝑜𝑑 (𝑝)

𝑅𝑀𝑆
(

𝑢𝑒𝑥𝑝
) (7)

where 𝑝 represents the vectorial form of a ‘‘chromosome’’ that contains
the set of problem parameters. These problem parameters are the
unknown parameters that solve the inverse problem. 𝑢𝑚𝑜𝑑 is the output
signals produced by the forward model when is parametrised with a
particular chromosome.

A cost function 𝑓𝐿(𝑝) is used to evaluate the fitness of the chro-
mosome as a solution to the inverse problem. 𝑓𝐿(𝑝) is defined as
the squared norm of the residual (Eq. (8)), which is also related to
the square of the Euclidean distance between the 𝑢𝑒𝑥𝑝 and the 𝑢𝑚𝑜𝑑
signals [28].

𝑓𝐿(𝑝) = log10
( 1
2
|𝑅(𝑝)|2 + 𝜖

)

(8)

with 𝜖 = 10−16 ensuring the existence of the logarithm [31].
The minimisation of the cost function is iteratively computed by the

GA to obtain a chromosome, 𝑝𝑎𝑝𝑝𝑟𝑜𝑥, that is an approximation to the
solution of the inverse problem.

The workflow of the used GA-based inversion method [28] is
sketched in Fig. 5. First, an initial solution guess is formed by randomly
generating a population of individuals with chromosomes selected
from within the expected ranges of each problem parameter. Then, an
iterative process is initiated: first, the fitness of each individual as a
candidate for the solution is assessed by the cost function 𝑓𝐿(𝑝). Then,
the individuals are ranked according to their fitness. A higher probabil-
ity to survive (i.e. to pass to the next generation of individuals) is given
to those with higher fitness. Second, a ‘‘crossover’’ operator allows
exchange of part of the chromosome information among individual
parents. Finally, during ‘‘mutation’’, arbitrary parts of the chromosomes
are randomly modified to create the next generation of individuals.
Other variations and additions can be used, however a basic set of
4

Fig. 5. Steps of the proposed GA-based reconstruction method. The experimental
signals 𝑢𝑒𝑥𝑝 are compared against signals generated by the wave propagation model 𝑢𝑚𝑜𝑑 .
The input parameters for the model are taken from a range of plausible values. The
comparison is made by means of a cost function that evaluates the discrepancy between
𝑢𝑒𝑥𝑝 and 𝑢𝑚𝑜𝑑 . The 𝑢𝑚𝑜𝑑 signals with lower discrepancy to 𝑢𝑒𝑥𝑝 are kept. New other
𝑢𝑚𝑜𝑑 signals are generated after selecting new model parameters using evolutionary
operators. These new 𝑢𝑚𝑜𝑑 signals are compared again against 𝑢𝑒𝑥𝑝. This process is
iterated until the end criterion is reached, in this case, a certain number of iterations.
The input parameters of the model that produced the 𝑢𝑚𝑜𝑑 signal with the lowest
discrepancy to 𝑢𝑒𝑥𝑝 are taken as the solution parameters.

operators was preferred, leaving the search for an optimal configuration
for further case-specific work. Finally, the process is iterated until a stop
criterion is reached. Given the testing purpose, at a preliminary level, of
this study, a specific number of generations was considered acceptable
as the stop criterion.

3. Results

The combined approach was initially tested for a case of potential
clinical utility: the detection of the first thermal lesion in transrectal
HIFU ablation of prostate cancer via the urethra. As mentioned earlier,
due to the unavailability of transurethral elastography data from HIFU
ablation, an example scenario was simulated using the wave propaga-
tion model developed in [3] to produce synthetic data. Consequently,
the signals from the receivers 𝑢𝑒𝑥𝑝 are hereafter substituted with their
synthetic counterparts obtained through simulation, designated as 𝑢𝑠𝑦𝑛.
Prostate cancer is often multifocal, however, for this preliminary test, a
scenario with just one tumour was selected. A Gleason score 7 tumour
of 6 mm contained in the posterior side of the prostate was chosen as
a tumour with the minimum requirements to be considered clinically
relevant. This clinical scenario falls within the category of prostate can-
cers that are recommended for transrectal HIFU ablation [32]. All the
methods were implemented in MATLAB® (Release 2017b, MathWorks,
Natick, United States).

3.1. Example case

Transrectal HIFU thermal ablation of prostate cancer is mostly
performed using Sonablate® (SonaCare Medical, Charlotte, NC, USA)
or Ablatherm® (EDAP TMS, Lyon, France) [16] HIFU systems. In both
systems, a transrectal probe is introduced through the rectum. The
transducer lens is placed facing the posterior side of the prostate. The
ultrasound beam converges at the focal point, raising the temperature
of the tissue to a level where irreversible thermal damage occurs [16].
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Fig. 6. Scheme of the wave propagation model used to simulate the HIFU ablation
scenario. Real spatial domain contoured in red. A Perfectly Match Layer (PML)
surrounds the boundary domain with the exception of the urethral wall. Rounded
tumour coloured in red, HIFU thermal lesion in brown. Emitter rotating disk and array
of receivers in grey on the left side. The HIFU beam that produces the lesion converges
from the right side boundary of the domain. This simplified arrangement is, to some
extent, representative of the HIFU ablation of prostate cancer from the rectum.

Tissue stiffness varies with temperature [21,22,33]. Collagen denatura-
tion is the responsible for the irreversible stiffness change due to the
rise in temperature above 60 ◦C [34,35]. As temperature increases, the
collagen fibres move from their triple helical structure into a randomly
coiled configuration [34]. Nonetheless, moderate heat below 60 ◦C
can result in reversible changes, with local unfolding of the collagen
fibres and restoration of their native structure when temperature goes
back to body temperature [35]. Each HIFU system creates different
size ellipsoidal lesions, which are superimposed to cover the tumour.
The HIFU Sonablate® system was considered for the example case,
which produces lesions of dimension 10 × 3 × 3 mm. The geometrical
arrangement of the simulated scenario is represented in Fig. 6 with the
values of the model parameters shown in Table 1.

Values of the KVFD parameters (Table 2) for normal and cancerous
prostatic tissue with Gleason score 7 were derived from literature
data [36,37] and the revision provided in our previous paper [3].
Accordingly, the rounded tumour was modelled as an homogeneous
circle with the KVFD parameters defined in Table 2 for cancerous tissue.
The changes in the viscoelastic parameters due to ablation are currently
unclear and would require further investigation. An estimate of the
irreversible increase in stiffness can be approximated from studies for
other glandular tissue, such the liver [21,22,33]. According to these, a
likely irreversible increase of the shear modulus 𝜇 might be between 3
and 6 times. The values of the variation of viscosity 𝜂 and the degree
of the fractional derivative 𝛼 were kept as those for the cancerous
tissue [3] since no suitable data were found in the literature. Therefore,
the lesion was modelled as an homogeneous ellipse with the KVFD
parameters defined in Table 2 for HIFU thermally ablated tissue.

The excitation signal was implemented as a Gaussian modulated
wave with centre frequency of 700 Hz. The recording time was 25 ms,
long enough to capture all the reflections generated by the tumour and
the HIFU lesion, but not so long as to enhance artefacts due to multiple
reflections [38]. Fig. 7 shows three instants of the wave propagation for
the pre and post HIFU lesion formation. Reflection was noticeable after
5

Table 1
Model parameters for the HIFU ablation scenario, based on the work by Gomez et al.
[3].

Description Value

Spatial dimension of the domain

𝑟𝑑 Radial dimension of the domain 20.00 mm
𝑧𝑑 Depth dimension of the domain 40.00 mm
𝑟𝑢 Radius of the urethra 3.25 mm

Discretisation parameters

Δ𝑟 𝑟 spatial dimension interval 150.00 μm
Δ𝑧 𝑧 spatial dimension interval 150.00 μm
Δ𝑡 Time interval 20.00 μs
𝑡𝑇 Total time of simulation 25.00 ms
𝑡𝐿 Time reference for the param. 𝐿 1.00 ms
𝑛𝑃𝑀𝐿 Number of PML elements 60

General probe setup

𝑙𝑒 Length of the disk emitter 1.00 mm
𝑓𝑒 Centre frequency of the excitation 700 Hz
𝑎𝑒 Max. amplitude of the excitation 0.30 rad
𝑙𝑟 Length of each receiver 0.50 mm

Tumour and HIFU lesion geometrical features

⌀𝑐 Diameter of the tumour 6.0 mm
⌀𝑙1 Major axis of the HIFU lesion 10.0 mm
⌀𝑙2 Minor axis of the HIFU lesion 3.0 mm
𝑟𝑐 𝑟 distance to the tumour centre 15.0 mm
𝑧𝑐 Depth of the tumour centre 17.0 mm
𝑟𝑙 𝑟 distance to the HIFU lesion centre 14.0 mm
𝑧𝑙 Depth to the HIFU lesion centre 14.0 mm

Table 2
Values of the KVFD viscoelastic parameters for different type of tissue
of the example case.
Source: Gomez et al. [3].

KVFD parameters

Type of prostatic tissue 𝜇 (kPa) 𝜂 (Pa⋅s𝛼) 𝛼

Normal 3 35 0.35
Cancerous 9 105 0.35
HIFU ablated 15 105 0.35

the wavefront reached the tumour and the HIFU lesion. A general probe
setup was chosen for illustration purposes, with one emitter centred
in the length of the urethra and 32 receivers distributed along the
remaining urethral wall (see Figs. 6 and 7). Fig. 8 shows the measured
displacement 𝑢𝑠𝑦𝑛 at each receiver’s location for both scenarios. To
account for background noise, white noise was added to all the signals
measured at the urethral wall, 𝑢𝑠𝑦𝑛, with an amplitude of 10% of the
RMS value of the measured signal with the maximum amplitude among
all. This equates to a Signal-to-Noise Ratio (SNR) of 30 dB. Fig. 8 shows
the displacement readouts 𝑢𝑠𝑦𝑛 from the receivers with added noise,
corresponding to the example shown in Fig. 7.

3.2. RTM results

3.2.1. Comparative study of RTM cross-correlation methods
A comparative study of different cross-correlation methods for the

RTM method was carried out. An homogeneous model (i.e. without
reflectors) with the same configuration of the example case (Table 1)
with the viscoelastic properties of normal prostatic tissue (Table 2)
was set as the forward model. The 𝑢𝑠𝑦𝑛 signals were taken from the
post first HIFU lesion simulations (Fig. 7d–f). A probe setup with
three non-synchronous emitters and 32 receivers was used. The direct
wave propagated along the urethral wall was removed from the 𝑢𝑠𝑦𝑛
signals by subtracting the signals recorded in the homogeneous model
as performed in Wang et al. [14].

The displacement fields from both forward and reverse modelling
were correlated using the proposed five correlation methods. Fig. 9
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Fig. 7. Example of wave propagation instants for (a–c) a pre first HIFU lesion scenario
and (d–f) the corresponding post first HIFU lesion scenario. Rounded tumour of 6 mm
in diameter, coloured in brown. Sonablate® lesion in blue. Red triangle shows the
emitter’s location. Blue triangles show the uniform distribution of receivers.

Fig. 8. Displacement readouts (𝑢𝑠𝑦𝑛), corresponding to the example shown in Fig. 7,
measured at each receiver’s location over the total time of simulation for both (a) the
pre first HIFU lesion scenario and (b) the post first HIFU lesion scenario. The vertical
axis represents the position of each receiver along the urethral wall. The signals contain
white noise added with an amplitude of 10% of the RMS value of the signal with the
maximum amplitude, which produces a SNR of 30 dB.

shows the resulting image reconstructions. All the images were nor-
malised by adjusting their range, while ensuring that the original zero
values remained as zero. As can be observed, none of the methods was
able to contour the full shape of the reflectors. Three methods, the
new proposed method (Fig. 9c), the Claerbout cross-correlation method
(Fig. 9e) and the source illumination method (Fig. 9f), provided some
information about the location of the reflectors. Precisely, the three
methods highlighted the location of the front side of both reflectors.
6

Fig. 9. Comparative analysis of correlation methods for the RTM method. (a) scenario
to be reconstructed and the chosen device configuration with three emitters (red
triangles) and 32 receivers (blue triangles) uniformly distributed along the urethral
wall; (b–f) reconstruction images by using four different correlation methods from the
literature (Eqs. (2)–(5)) [14] and the proposed new correlation method (Eq. (6)). Note
that the range of the correlation level varies from 0 to 1 in (b) and (c), and from −1
to 1 in (d–f).

Squaring the forward and reverse fields in Eq. (6) made the higher
correlation areas in the proposed method appear sharper and with
fewer spider-shaped artefacts compared to the Claerbout and source
illumination methods. In the three methods, the far side of the reflectors
was poorly reconstructed and placed in a slightly anterior region to its
actual location. Any of the three methods could be used in the GA-based
inversion method to narrow down the region of search. Nonetheless,
the new proposed method was chosen to continue this study.

3.2.2. Analysis of the device configuration for RTM
Combinations of emitters and receivers were tested to obtain the

most appropriate configuration when using the RTM method with the
proposed correlation method (Eq. (6)). The scenario reconstructed was
the same as in the previous case (Fig. 7d). 12 device configurations
were explored, combining 8, 16 and 32 receivers and 1, 3, 5 and 9
emitters. The model parameters were kept as shown in Tables 1 and
2. Fig. 10 shows the results. Configurations with a higher number of
emitters yielded better definition of the shape of reflectors. The same
effect was observed when increasing the number of receivers, however,
this was not as noticeable as the improvement when increasing the
number of emitters. A higher number of receivers reduced the intensity
of the spider-shape artefacts observed surrounding the highlighted
areas, especially noticeable for the configurations with nine emitters.
Regarding the number of receivers, the improvement in definition
and the reduction of the artefacts was more significant when using
configurations with 16 receivers compared with configurations with 8
receivers, and less noticeable when comparing with configurations with
32 receivers. Considering the device configurations with 32 receivers,
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Fig. 10. Comparative analysis of different device configuration for the RTM method,
using the proposed correlation method. (a) configuration A with 1 emitter, (b) config-
uration B with 3 emitters, (c) configuration C with 5 emitters, and (d) configuration
D with 9 emitters.

the improvement in the definition of shapes was significant when
moving from configuration A to B. It was still noticeable between
configurations B and C. However, the improvement was weaker when
comparing the configurations C and D.

The number of emitters had a direct impact in the computational
overhead, proportionally increasing the computing time by 6 min per
additional emitter. The memory required was 2.1 MB, and it barely
increased with the number of emitters, since after each image correla-
tion formation (RTM step 5, Fig. 4) the memory used was released.
The increase in number of receivers has small influence on either
the computation time. Based on the results of the comparative study,
and without considering manufacturing challenges or limitations, a
balanced optimum device configuration could comprise three emitters
and 32 receivers. This device configuration achieved similar results
7

Table 3
GA parameters.

Parameter Value

Population of chromosomes 8
Number of generations 50

Evolutionary operator Value

Probability of mutation 0.3
Probability of crossover 0.8
Tournament probability 0.7
Mutation scale 0.1

Table 4
Lesion parameters and search ranges for the GA method.

Parameter Real value Search range

𝑟𝑙𝑒𝑠𝑖𝑜𝑛 14 mm 5–20 mm
𝑧𝑙𝑒𝑠𝑖𝑜𝑛 14 mm 6–28 mm
𝜇𝑟𝑎𝑡𝑖𝑜 5 2–6
𝜂𝑟𝑎𝑡𝑖𝑜 3 2–4

to device configurations C and D with 32 receivers but with shorter
computational time.

3.3. Results of the GA-based reconstruction method alone

In this section, the GA-based method is tested to obtain the un-
known lesion parameters, with no use of the RTM results from the
previous Section 3.2. This serve to later contrast against the combined
reconstruction approach. The location, size and viscoelastic properties
of the tumour to ablate were assumed to have been previously obtained
through a transurethral elastography process (see pre first HIFU lesion
scenario in Fig. 7a). The shape and size of the HIFU lesion were
assumed fixed as an ellipsoid of dimension 10 × 3 × 3 mm. The
position and the viscoelastic properties of the HIFU lesion were the
factors to be reconstructed (see Table 1). The viscoelastic properties of
the HIFU lesion were defined in terms of the shear modulus contrast
ratio, 𝜇𝑟𝑎𝑡𝑖𝑜, and the shear viscosity contrast ratio, 𝜂𝑟𝑎𝑡𝑖𝑜, relative to
the normal surrounding tissue. The vectorial form of a ‘‘chromosome’’,
which contains the factors to be reconstructed, is shown in Eq. (9). The
four lesion parameters were considered sufficient to preliminary test
the feasibility of the GA-based method. Table 3 show the GA parameters
considered, which were optimised after trial-and-error from previous
experiences [1,39].

𝑝𝑙𝑒𝑠𝑖𝑜𝑛 = (𝑟𝑙 , 𝑧𝑙 , 𝜇𝑟𝑎𝑡𝑖𝑜, 𝜂𝑟𝑎𝑡𝑖𝑜) (9)

In principle, a larger number of uniformly distributed emitters
covers more insonication angles, generating more relevant data for
solving the inverse problem. However, the impact of the number of
receivers is not fully clear. To investigate this, three different device
configurations with 8, 16 and 32 receivers, each with three emitters,
were tested in this section.

Table 4 presents the lesion parameters to be reconstructed and
their proposed search ranges. The 𝑢𝑚𝑜𝑑 signals were obtained from
simulations using the values picked by the GA from the search ranges
(Fig. 5). The search range for the centre of the HIFU lesion was defined
as a square box with a side length of 25 mm, within which, the HIFU
lesion was expected to be located.

The effect of number of receivers was initially studied by evaluating
the cost function 𝑓𝐿 on two 2D planes with 212 evaluation points. The
first plane examined the two lesion parameters for the position while
maintaining 𝜇𝑟𝑎𝑡𝑖𝑜 = 5 and 𝜂𝑟𝑎𝑡𝑖𝑜 = 3 (see Fig. 12). The second plane
explored the two viscoelastic ratios while keeping 𝑟𝑙𝑒𝑠𝑖𝑜𝑛 = 𝑧𝑙𝑒𝑠𝑖𝑜𝑛 =
14 mm (see Fig. 13).

The absolute minimum of the cost function corresponds to the
solution of the inverse problem, representing the actual values of the
lesion parameters. After conducting ten simulations for each receiver
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Table 5
Cost function at the absolute minimum.

Device conf. 𝑓𝐿
𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝐿

𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛∕𝑓
𝐿
𝑚𝑒𝑎𝑛

8 receivers −2.010 ± 0.140 1.149
16 receivers −1.899 ± 0.134 1.217
32 receivers −1.819 ± 0.132 1.262

arrangement, the mean value and standard deviation of the cost func-
tion at the solution for the lesion parameters were found to be −2.308±
0.009. No significant differences in these values were observed among
different number of receivers. The variability indicated by the standard
deviation arose from the random noise added to the 𝑢𝑠𝑦𝑛 signals.

In the 𝑟𝑙𝑒𝑠𝑖𝑜𝑛-𝑧𝑙𝑒𝑠𝑖𝑜𝑛 planes, the absolute minimum of the cost function
as clearly located near 𝑟 = 𝑧 = 14 mm (Fig. 12). However, no absolute
inimum was observed in the 𝜇𝑟𝑎𝑡𝑖𝑜-𝜂𝑟𝑎𝑡𝑖𝑜 planes (Fig. 13). Instead, a

valley-shape was observed, with its lowest values slightly aligned with
𝜇𝑟𝑎𝑡𝑖𝑜 = 5. This indicates that viscosity does not have as a significant
impact on the reflected signals as elasticity does. In all cases, the valley-
shape appears slightly inclined with respect to 𝜇𝑟𝑎𝑡𝑖𝑜 = 5. The range
of values within this inclination includes pairs of values from 𝜇𝑟𝑎𝑡𝑖𝑜 =
5.0 − 5.5 and 𝜂𝑟𝑎𝑡𝑖𝑜 = 2, to values of 𝜇𝑟𝑎𝑡𝑖𝑜 = 4.5 − 5.0, for 𝜂𝑟𝑎𝑡𝑖𝑜 = 4
(Fig. 13). These pairs of values (𝜇𝑟𝑎𝑡𝑖𝑜-𝜂𝑟𝑎𝑡𝑖𝑜) produce similar amplitude
of the reflected wave due to the presence of the HIFU lesion. Different
combinations of 𝜇𝑟𝑎𝑡𝑖𝑜 and 𝜂𝑟𝑎𝑡𝑖𝑜 can yield similar reflection coefficients
since the reflection coefficient depends on the shear velocity contrast
between the lesion and the surrounding tissue, and the shear velocity
depends on 𝜇 and 𝜂 (Equations 8–10 in Gomez et al. [4]).

A more precise definition of the absolute minimum is expected
to improve the performance of the GA method. Table 5 displays the
average value and the standard deviation of the cost function when
evaluated in the 𝑟𝑙𝑒𝑠𝑖𝑜𝑛-𝑧𝑙𝑒𝑠𝑖𝑜𝑛 plane for each device configuration. It
also includes a comparison with the cost function value at the absolute
minimum. The cost function tends to yield higher values outside the
absolute minimum when using a larger number of receivers. This results
in improved contrast between the absolute minimum and the remaining
portion of the 𝑟𝑙𝑒𝑠𝑖𝑜𝑛-𝑧𝑙𝑒𝑠𝑖𝑜𝑛 plane. A similar enhancement in defining
the absolute minimum is observed in the configurations with more
receivers when comparing 𝜇𝑟𝑎𝑡𝑖𝑜-𝜂𝑟𝑎𝑡𝑖𝑜 planes.

After the cost function analysis, the reconstructed values for the
lesion parameters were evaluated. Ten reconstruction tests were car-
ried out for each device configuration using the parameters listed in
Table 3. Each test took approximately 9 h on a desktop computer with
a quad-core 3.60 GHz processor and 16 GB of RAM.

Table 6 shows the reconstructed values of the four lesion param-
eters, with the standard deviation providing and indication of the
variability in the reconstructed values. The configurations with 16
and 32 receivers offered accurate approximations to the solution of
𝑟𝑙𝑒𝑠𝑖𝑜𝑛 and 𝑧𝑙𝑒𝑠𝑖𝑜𝑛 with low variability, while the configuration with 8
eceivers exhibited larger variability and less precise approximations.
he reconstruction of 𝜇𝑟𝑎𝑡𝑖𝑜 and 𝜂𝑟𝑎𝑡𝑖𝑜 was less accurate, regardless of
he device configuration, as expected following the analysis of the
𝑟𝑎𝑡𝑖𝑜-𝜂𝑟𝑎𝑡𝑖𝑜 planes of the cost function.

In summary, the configurations with 16 and 32 receivers produced
ccurate localisation of the HIFU lesion, with position errors less than
ne-tenth of a millimetre. The combined reconstruction of 𝜇 and 𝜂
roduced shear moduli of 15.85 ± 2.42 kPa and 16.56 ± 2.27 kPa at
00 Hz, for the configurations with 15 and 32 receivers, respectively
calculated using Equations 32–35 from Gomez et al. [3]). This repre-
ents averaged errors below 1.0 kPa with SD below 2.4 kPa with respect
he actual shear modulus of the HIFU lesion, 16.72 kPa. These levels of
ariation for the shear modulus fall within the range of shear modulus
alues typically observed in prostate cancer [3,4].

The absolute error was determined as the absolute difference be-
ween the reconstructed value of each lesion parameter and its actual
olution. Relative errors were calculated by scaling the absolute errors
8

Table 6
Results of the GA-based reconstruction method alone (Rx = receivers).

No. of Rx Reconstruction results (Mean ± SD)

𝑟𝑙𝑒𝑠𝑖𝑜𝑛 (mm) 𝑧𝑙𝑒𝑠𝑖𝑜𝑛 (mm) 𝜇𝑟𝑎𝑡𝑖𝑜 𝜂𝑟𝑎𝑡𝑖𝑜
8 14.60 ± 1.20 13.77 ± 0.81 4.55 ± 0.78 2.80 ± 0.60
16 14.06 ± 0.08 14.04 ± 0.18 4.68 ± 0.69 3.27 ± 0.56
32 14.05 ± 0.08 14.04 ± 0.16 4.90 ± 0.65 3.16 ± 0.48

Absolute errors (Mean/|SD| )

𝑟𝑙𝑒𝑠𝑖𝑜𝑛 (mm) 𝑧𝑙𝑒𝑠𝑖𝑜𝑛 (mm) 𝜇𝑟𝑎𝑡𝑖𝑜 𝜂𝑟𝑎𝑡𝑖𝑜
8 1.13/0.84 0.68/0.50 0.77/0.54 0.49/0.38
16 0.08/0.06 0.14/0.11 0.56/0.41 0.46/0.35
32 0.08/0.06 0.13/0.10 0.47/0.38 0.42/0.30

Relative errors (Mean/|SD|)

𝑟𝑙𝑒𝑠𝑖𝑜𝑛 (%) 𝑧𝑙𝑒𝑠𝑖𝑜𝑛 (%) 𝜇𝑟𝑎𝑡𝑖𝑜 (%) 𝜂𝑟𝑎𝑡𝑖𝑜 (%)

8 7.50/5.60 3.10/2.29 19.22/13.41 24.50/18.82
16 0.54/0.38 0.63/0.48 14.12/10.35 23.16/17.54
32 0.52/0.38 0.61/0.43 11.77/9.51 21.09/15.01

Table 7
Lesion parameters to be reconstructed and search ranges for
the GA in the combined reconstruction approach.

Parameter Real value Search range

𝑟𝑙𝑒𝑠𝑖𝑜𝑛 14 mm 12–16 mm
𝑧𝑙𝑒𝑠𝑖𝑜𝑛 14 mm 10–20 mm
𝜇𝑟𝑎𝑡𝑖𝑜 5 2–6
𝜂𝑟𝑎𝑡𝑖𝑜 3 2–4

based on the length of their respective search interval. The lowest
relative errors, as shown in Table 6, were consistently below 1.0%
for 𝑟𝑙𝑒𝑠𝑖𝑜𝑛 and 𝑧𝑙𝑒𝑠𝑖𝑜𝑛 in the 16 and 32-receiver configurations. The
configuration with 8 receivers exhibited higher errors with significant
variability for the location parameters. Notably, errors in 𝜇𝑟𝑎𝑡𝑖𝑜 and 𝜂𝑟𝑎𝑡𝑖𝑜
were consistently larger and displayed more variability compared to
the location parameters across all configurations. The highest level of
errors was observed in the reconstruction of 𝜂𝑟𝑎𝑡𝑖𝑜.

3.4. Results from the combined reconstruction approach

The combined reconstruction approach used the RTM results to nar-
row down the spatial search space of the GA-based inversion method.
The same clinical scenario (shown in Fig. 7) that was used to test
the RTM and the GA-based methods alone was employed to test the
combined approach.

The configuration B with three emitters and 32 receivers was used
for the RTM part. RTM images were reconstructed from the pre and post
first HIFU lesion scenarios. The comparison between RTM images from
both pre and post HIFU lesion scenarios helped to estimate that the
lesion was produced near the top region where the tumour was located
(see Fig. 14). This enabled to narrow down the spatial search box for
the GA to an area of 14 × 13 mm (𝑟 and 𝑧 dimensions respectively).

he box was selected manually after visual comparison of the two RTM
mages. Table 7 shows the revised ranges for the four lesion parameters.
earch ranges for 𝜇𝑟𝑎𝑡𝑖𝑜 and 𝜂𝑟𝑎𝑡𝑖𝑜 were kept the same as for the study

of the GA-based method alone.
For the GA part, a device configuration with a single emitter,

placed at the middle section of the prostatic urethra, and 32 receivers,
was employed. Fig. 15 shows the value of the cost function in the
𝑟𝑙𝑒𝑠𝑖𝑜𝑛-𝑧𝑙𝑒𝑠𝑖𝑜𝑛 and 𝜇𝑟𝑎𝑡𝑖𝑜-𝜂𝑟𝑎𝑡𝑖𝑜 planes. Compared with the results from the
GA-based method alone, the resulting 𝑟𝑙𝑒𝑠𝑖𝑜𝑛-𝑧𝑙𝑒𝑠𝑖𝑜𝑛 plane resembled a
zoomed window from the 𝑟-𝑧 plane shown in Fig. 12. The 𝜇𝑟𝑎𝑡𝑖𝑜-𝜂𝑟𝑎𝑡𝑖𝑜
plane was almost unchanged, since the search ranges of 𝜇𝑟𝑎𝑡𝑖𝑜 and 𝜂𝑟𝑎𝑡𝑖𝑜
did not vary. Small differences were due to the random nature of the
added white noise.

Ten reconstruction tests were carried out to analyse the performance

of the GA reconstruction method after the reduction in the spatial



Ultrasonics 138 (2024) 107206A. Gomez et al.

l
𝜂

t
a
c
i
𝜇

4

t
i
l
i
c
p
w
p
t
W
a
f
r
t
r
c
v

m
b
q
b
a
s
T
a

H
a
u

Table 8
Results of the GA method based on the reduced search domain for 32 receivers.

Reconstruction results (Mean ± SD)

𝑟𝑙𝑒𝑠𝑖𝑜𝑛 (mm) 𝑧𝑙𝑒𝑠𝑖𝑜𝑛 (mm) 𝜇𝑟𝑎𝑡𝑖𝑜 𝜂𝑟𝑎𝑡𝑖𝑜
14.01 ± 0.04 14.03 ± 0.07 5.09 ± 0.13 2.94 ± 0.52

Absolute errors (Mean/|SD|)

𝑟𝑙𝑒𝑠𝑖𝑜𝑛 (mm) 𝑧𝑙𝑒𝑠𝑖𝑜𝑛 (mm) 𝜇𝑟𝑎𝑡𝑖𝑜 𝜂𝑟𝑎𝑡𝑖𝑜
0.03/0.03 0.06/0.04 0.13/0.10 0.45/0.33

Relative errors (Mean/|SD|)

𝑟𝑙𝑒𝑠𝑖𝑜𝑛 (%) 𝑧𝑙𝑒𝑠𝑖𝑜𝑛 (%) 𝜇𝑟𝑎𝑡𝑖𝑜 (%) 𝜂𝑟𝑎𝑡𝑖𝑜 (%)

0.22/0.17 0.26/0.20 3.25/2.50 22.54/16.50

search domain. Setting parameters of the GA were maintained as shown
in Table 3. Table 8 displays the reconstructed values for the four lesion
parameters. Results for 𝑟𝑙𝑒𝑠𝑖𝑜𝑛 and 𝑧𝑙𝑒𝑠𝑖𝑜𝑛 were significantly close to the
actual values (see Table 7). The reduction in the search domain yielded
a slightly more accurate approximation of the location parameters.
𝜇𝑟𝑎𝑡𝑖𝑜 and 𝜂𝑟𝑎𝑡𝑖𝑜 were less accurately reconstructed compared with the
location parameters. Errors in the reconstruction of the location pa-
rameters were similar to using the GA-based method alone. However,
an improvement from 10% to 2.5% in the level of error for 𝜇𝑟𝑎𝑡𝑖𝑜 with
ower variability was accomplished. The error in the reconstruction of
𝑟𝑎𝑡𝑖𝑜 did not decrease significantly.

The performance of the GA method, with and without reducing
he spatial search domain, is analysed in Fig. 16. The combination
pproach shows better performance, achieving lower values of the
ost function in fewer generations and with reduced variability. This
mproved convergence speed may explain the better reconstruction of
𝑟𝑎𝑡𝑖𝑜, as the GA can focus on finding more accurate approximations.

. Discussion

In this article, a reconstruction approach based on the combina-
ion of two independent methods, a RTM method and a GA-based
nversion technique, applied to the medical imaging concept of trans-
uminal shear wave elastography, has been tested in silico. The novel
maging concept was introduced in previous work [1–3], which in-
ludes the development of a forward model for transluminal wave
ropagation based on a fractional viscoelastic constitutive law, along
ith its experimental validation [3,4]. Experimental evidence of wave
ropagation and detection at the luminal wall using a preliminary
ransluminal array of piezoelectric receivers was also accomplished [2].

hile an initial attempt to reconstruct mechanical parameters using
GA-based inversion method was made in Gomez et al. [1], the

orward model relied on a pure elastic constitutive law, which is not
epresentative of the viscoelastic behaviour of soft tissue. In this article,
he GA-based method, combined with information from prior RTM
econstructions, was employed, taking advantage of a fractional vis-
oelastic forward model developed previously [3]. The same fractional
iscoelastic forward model was also used in the RTM method.

RTM was introduced for the first time in seismology by Whit-
ore [40], however, it was not until two decades ago that RTM

ecame a practical method due to its demanding computational re-
uirements. Although RTM has found major applications in hydrocar-
on exploration [41], it has also been utilised in other fields, such
s non-destructive evaluation, particularly crack detection using ultra-
ound [42], and in locating embedded elements within concrete [38].
o the best of the authors’ knowledge, this article marks the pioneering
pplication of RTM in the field of elastography.

Localisation and evaluation of the viscoelastic properties of a single
IFU lesion in the ablation of prostate cancer was used for illustrating
nd testing the two reconstruction methods. The stiffness of the tissue
9

ndergoes an irreversible increase due to the HIFU lesion formation,
which based on previous studies [20,21,23,43,44], could serve to mea-
sure the thermal damage. It is important to note that the biological state
and the extent of the necrotic lesion will naturally evolve over time
post-treatment, as part of the healing processes [18]. This evolution
will undoubtedly influence the tissue stiffness values and their spatial
distribution within the gland, which, at present, remains uncertain.

No experimental data was available at the time of writing this
article. Therefore, the wave propagation model developed by the au-
thors [3] was employed to generate in silico data. White noise was
artificially added to achieve a SNR of 30 dB. This model was based
on a KVFD constitutive law, a suitable linear viscoelastic model for
simulating shear wave propagation in elastography applications [24].
The model provided readings from an array of receivers located at
the urethral wall (see Fig. 6). The model allowed for the creation of
regions with altered KVFD properties to simulate a round tumour with
a 6 mm diameter and a Gleason score of 7, as well as a first HIFU lesion
produced according the Sonablate® HIFU platform.

The KVFD parameters chosen for the tumour and the HIFU lesion
were compiled from previous articles, as indicated in Gomez et al. [3].
The surrounding tissue may also exhibit altered mechanical properties
to some extent. Additionally, thermal doses overlapping could lead to
different mechanical properties than a single dose. Studies addressing
these aspects were not found in the literature.

Another assumed limitation of the wave propagation model is its
2D axisymmetric simplification, resulting in toroidal-shaped inclusions
that are not representative of real scenarios [3,4]. In a real situation
with a functional cylindrical array of receivers in the transluminal
probe, signals from the entire 3D volume would reach the receivers.
This out-of-plane information would introduce complexity to the in-
verse problem. The wave propagation model considered only attenua-
tion due to absorption and geometrical diffraction. In a real scenario,
more significant attenuation can be expected, resulting from scattering
in addition to energy loss mechanisms. For the purpose of this prelim-
inary work, the settings of the wave propagation model were deemed
suitable. However, it is advisable to address the limitations mentioned
above to achieve more realistic simulations.

The RTM method was tested using five different cross-correlation
methods, three of which successfully identified the region contain-
ing the reflectors, namely the HIFU lesion and the tumour. These
three methods included the Claerbout method, the source illumination
method and a new proposed one. Among them, the new proposed
method exhibited lower level of artefacts. This information is valuable
for estimating the extent of the thermally treated region when the
placement of the HIFU beam is accurately known. It is worth noting
the presence of what appeared to be a shifted back side location of
the reflectors, a phenomenon dependent on frequency and transmit
conditions, which merits further investigation.

Several device configurations, varying in the number of emitters
and receivers, were tested. The number of emitters ranged from 1 to
9, while the number of receivers was fixed at 8, 16 and 32. Both
emitters and receivers were uniformly distributed along the length
of the lumen wall. Results showed that having 3 or more emitters
effectively contoured the shape of the front side of the reflectors.
Furthermore, an increased number of receivers helped reduce spider-
shape artefacts. However, it is important to note that the number of
emitters directly influenced the computational time, as each additional
emitters required running the RTM algorithm one more time. As a
result, a device configuration with three emitters and 32 receivers was
chosen as the most balanced configuration for this preliminary test.
For the sake of brevity and given the preliminary nature of this work,
further enhancements to the method are left for future investigation.

The method for obtaining the initial wave velocity field for the ho-
mogeneous model was not examined in this study. Further exploration
could consider basic concepts, such as the iterative method proposed
by Liu [15]. Additionally, by using a higher frequency excitation,

shorter wavelengths would be generated, potentially improving the
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Fig. 11. Scenario for generating the 𝑢𝑚𝑜𝑑 signals. The dashed square represents a box of
25 × 25 mm, within which the HIFU lesion is expected to have been formed. Table 4
shows the range of possible values for the 𝑟 and 𝑧 coordinates of the centre of the
lesion.

reconstruction of the contour of the HIFU lesion. Furthermore, various
techniques from the literature can be employed to enhance RTM recon-
struction in lossy viscoelastic media, including methods to compensate
for amplitude losses, such as amplitude compensation, inverse filtering,
and inverted-loss medium methods [14,45,46]. The definition of the
reflectors shape can also be improved through iterative process, such
as the one proposed by Liu [15], which updates the wave velocity
field from previous RTM results until convergence of the final image.
Finally, in addition to cross-correlation, other estimators for the RTM
method could be explored, such as phase-shift [47] or variance-based
methods [48].

Prior to evaluating the combined reconstruction approach, the GA-
based inversion method was independently tested. Four lesion param-
eters were defined as the solution to the inverse problem: the two
coordinates for the lesion centre, 𝑟𝑙 and 𝑧𝑙, and the elasticity and viscos-
ity contrast ratios between treated and normal tissue, 𝜇𝑟𝑎𝑡𝑖𝑜 and 𝜂𝑟𝑎𝑡𝑖𝑜,
respectively. The search space for the location parameters consisted
of a 25 × 25 mm box within which the HIFU lesion was expected to
have been formed, assuming that the location of the HIFU probe can
be estimated to some extent (see Fig. 11). The cost function defined for
the inverse problem (Eq. (8)) was evaluated in a 4D space comprised
of the four lesion parameters. The global minimum of the cost function
was well defined with respect to the location parameters (see Fig. 12)
and 𝜇𝑟𝑎𝑡𝑖𝑜 (see Fig. 13). In contrast, it was not clearly defined for 𝜂𝑟𝑎𝑡𝑖𝑜
(see Fig. 13), which resulted in a limited sensitivity of the GA in finding
its solution. Alternative cost function definitions that could enhance
sensitivity to the viscosity ratio 𝜂𝑟𝑎𝑡𝑖𝑜 may be explored in future work.

The results from the reconstruction tests are presented in Table 6.
The GA-based inversion method alone yielded reconstructions with low
error levels for the location parameters. While 𝜇𝑟𝑎𝑡𝑖𝑜 and 𝜂𝑟𝑎𝑡𝑖𝑜 exhibited
higher reconstruction errors, these results are still considered valuable
from a clinical perspective. An additional comparison was conducted
to assess how the number of receivers affected the performance of
the GA-based inversion method. The largest error levels were observed
with 8 receivers, while almost identical error levels were found for
configurations employing 16 and 32 receivers.

A single GA reconstruction required approximately 9 h on a stan-
dard desktop computer. Improvements in computational efficiency
could be achieved by employing a high-performance computing system
equipped with multiple CPU cores and GPU computing capability.
The optimisation of the algorithms is integral to the future plan for
10
Fig. 12. 𝑟𝑙𝑒𝑠𝑖𝑜𝑛-𝑧𝑙𝑒𝑠𝑖𝑜𝑛 planes from the evaluation of the cost function. The 𝑟𝑙𝑒𝑠𝑖𝑜𝑛 and
𝑧𝑙𝑒𝑠𝑖𝑜𝑛 parameters of the solution to the inverse problem are marked as red dots at
𝑟 = 𝑧 =14 mm.

continuation. In a practical scenario, the target computation time is
envisioned to span from near-real-time processing to a maximum of
24 h.

The reconstruction approach, combining RTM and GA, was tested
with the search space for the GA reduced by 70% after utilising the
previous RTM reconstruction images. Fig. 14 illustrates the reduced
search box. Upon comparison with the GA-based inversion method used
in isolation, there was not significant improvement in the accuracy of
reconstructing the location parameters. However, this was not the case
for the 𝜇𝑟𝑎𝑡𝑖𝑜 parameter, as its reconstruction error improved from 11%
to 2%. It is possible that the RTM images can serve to expedite the GA
inversion by terminating the minimisation process in fewer generations
or enhancing the accuracy of reconstructing specific parameters.

Table 2 displays the selected KVFD viscoelastic parameters for
testing. It should be noted that additional viscoelastic value ranges
will be necessary for an expanded analysis, as changes in elasticity
and viscosity may vary depending on the region of the prostate and
the presence of other pathologies, such as Benign Prostatic Hyperplasia
(BPH) [49]. In-depth assessment of the performance of the combined
methods will require various combinations of elasticity and viscosity
ranges for both normal and cancerous tissue. Furthermore, multiple
scenarios involving different lesion locations, sizes, and shapes should
also be examined.

Besides the inherent limitations of the transurethral application,
practical aspects of the technique may introduce further constrains.
These include the nonlinear response of tissue to probe compression,
the potential for probe movement during data acquisition, and the pres-
ence of the transurethral probe within the HIFU field, among others.
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Fig. 13. 𝜇𝑟𝑎𝑡𝑖𝑜-𝜂𝑟𝑎𝑡𝑖𝑜 planes from the evaluation of the cost function. The 𝜇𝑟𝑎𝑡𝑖𝑜 and 𝜂𝑟𝑎𝑡𝑖𝑜
parameters of the solution to the inverse problem are marked as red dots at 𝜇𝑟𝑎𝑡𝑖𝑜 = 5
and 𝜂𝑟𝑎𝑡𝑖𝑜 = 3.

Fig. 14. RTM images for the pre and post first HIFU lesion situations used to test
the combined reconstruction approach, using the proposed RTM correlation method
(Eq. (6)) and the device configuration B with 32 receivers (Fig. 10). The area where
the HIFU lesion was suspected is contoured with a dashed line.

Addressing these limitations will be a crucial aspect of the ongoing
development of the transurethral shear wave elastography technique.

5. Conclusions

A novel reconstruction approach, combining the use of both RTM
method and a GA-based inversion technique, has been proposed to
address the inverse problem associated with transluminal shear wave
elastography. This approach was tested through preliminary in silico
11
Fig. 15. (a) 𝑟-𝑧 and (b) 𝜇𝑟𝑎𝑡𝑖𝑜-𝜂𝑟𝑎𝑡𝑖𝑜 planes from the evaluation of the cost function in
the reduced search space. The parameters of the real HIFU lesion are marked as red
dots.

Fig. 16. Cost function value of the best chromosome over the number of generations,
with and without reduction of the spatial search domain for the GA, i.e., the combined
reconstruction approach or the GA-based method alone, respectively. Data is shown in
terms of mean and standard deviation values.

experiments, specifically adapted for the transurethral application in
detecting the initial HIFU lesion for prostate cancer treatment.

The RTM method was enhanced by introducing a new
cross-correlation method and employed a device configuration with 3
emitters and 32 receivers. The RTM reconstructions were instrumental
in providing information on the potential location and extent of the
region where the HIFU lesion may have developed.

The combined reconstruction leveraged the results from the RTM
method to refine the search space for the GA-based reconstruction of
four essential lesion parameters: the coordinates of the centre of the
lesion and the contrast ratio for both shear modulus and shear viscosity
between treated and untreated tissue. The results demonstrated the
highest accuracy for the location of HIFU lesion, followed by the
contrast ratio for tissue stiffness, while the viscosity ratio showed the
greatest level of error.

Further comprehensive investigations are necessary, encompassing
diverse scenarios and incorporating experimental data, to meticulously
assess the performance and capabilities of this combined reconstruction
approach.
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