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Abstract
Objective. To characterise the thermally induced changes in the elastic properties of prostatic tis-
sue and investigate their correlation with thermal dose. Approach. Ex vivo bovine prostate samples
were subjected to three heating protocols—constant-rate heating, steady-state temperature, and
steady-state temperature followed by rapid cooling. Acoustic Radiation Force-based Shear Wave
Elastography was used to monitor shear wave speed (SWS), and the results were interpreted in
relation to thermal dose using the cumulative equivalent minutes at 43 ◦C (CEM43) scale.Main
results. Thermal exposure consistently resulted in increased SWS, with increments of up to five-
fold observed at temperatures above 60 ◦C in the constant-rate heating tests. Irreversible changes
were also observed in the steady-state temperature test followed by rapid cooling even at thermal
exposures as low as 20 CEM43 min. Significance. These findings support the potential of elast-
ography to delineate thermally ablated regions in prostate cancer treatment and encourages further
investigation on the potential of SWS to serve as a biomarker of thermal dose.

1. Introduction

Prostate cancer is a significant health concern due to its high incidence and mortality rates. It is the
most common cancer in men across 112 countries, accounting for 15% of all diagnosed cancers (James
et al 2024). Increasing attention has been directed toward focal therapies, which aim to selectively tar-
get pathological tissue while preserving surrounding healthy tissue (Arcot and Polascik 2022, Basseri et al
2024). Among these, focal thermal ablation, a form of hyperthermia, achieves coagulative necrosis of
tissue by inducing elevated temperatures—typically in the range of 50 ◦C–80 ◦C within the target tis-
sue (Geoghegan et al 2022, Basseri et al 2024). Current focal thermal ablation modalities include high-
intensity focused ultrasound (HIFU), radiofrequency ablation, microwave ablation, and laser interstitial
thermal therapy, all of which generate confined zones of tissue destruction, resulting in fewer complic-
ations than conventional cancer therapies (Geoghegan et al 2022). Despite their demonstrated efficacy,
focal thermal therapies for prostate cancer still face a critical technical challenge: accurately assessing the
delivered thermal dose and the extent of the lesion (van der Poel et al 2018, Geoghegan et al 2022).

After thermal ablation, the treated tissue exhibits increased stiffness compared to the non-ablated
tissue (Kiss et al 2009, Sapin-de Brosses et al 2010, 2011, Mariani et al 2014, Shi et al 2015, Payen
et al 2024). This stiffness contrast motivates the use of elastography imaging to assess the lesion.
Elastography encompasses a range of medical imaging techniques that map the elasticity of soft tissues
by analysing their mechanical response to external forces (Bamber et al 2013, Sigrist et al 2017). Among
the various elastography modalities, acoustic radiation force-based shear wave elastography (ARF-SWE)
is the most widely used. ARF-SWE, hereinafter referred to as SWE, utilises ultrasound-induced ARF to
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remotely generate shear waves, which are tracked to derive the elastic properties of tissue, typically by
measuring the group shear wave speed (SWS) (Nightingale et al 2003, Bercoff et al 2004).

Several studies have explored the use of elastography to image thermal ablation in prostate cancer.
One of the most recent studies is the work by Payen et al (2024), which investigated passive elastography
for imaging HIFU-ablated tissue. The study tested this approach on ex vivo bovine liver, in vivo porcine
liver, and in vivo human prostates. In the ex vivo bovine liver experiments, the HIFU lesions were sig-
nificantly stiffer than untreated tissue, with a shear wavelength contrast ratio of 2.5, corresponding to
a 6-fold increase in stiffness. The in vivo porcine liver tests showed shear wavelength increases of up to
four times. In the in vivo human prostate cases, results were variable: in two patients, tumours initially
stiffer than surrounding tissue appeared softer after ablation, while in the other two, tumours exhibited a
1.5-fold increase in shear wavelength after ablation. These findings, while relevant, should be interpreted
cautiously due to the small sample size. Other work considering the alteration in mechanical proper-
ties of prostate after HIFU ablation was carried out by Gomez et al (2023). They developed a compu-
tational approach to reconstruct the location and quantify alterations in the viscoelastic properties of
HIFU-induced lesions in the prostate. They assumed a 6-fold increase in SWS based on findings from
studies on other glandular tissues, given the absence of data for prostatic tissue in the literature. Other
elastography studies assessing HIFU ablation of prostate cancer have been limited to strain elastography
(Souchon et al 2003, Curiel et al 2005), an elastography modality that does not provide quantitative res-
ults for the change in stiffness.

Thermal ablation, and hyperthermia more broadly, depend on the heating history -i.e. the combin-
ation of temperature and exposure time- quantified through a metric known as thermal dose. Several
methods have been proposed to quantify thermal dose, with the cumulative equivalent minutes at 43
(CEM43) scale introduced by Sapareto and Dewey (1984) being the most widely used. For biological tis-
sues, the thermal dose required to achieve coagulative necrosis typically ranges from 25 to 240 min at
43 ◦C (Dewhirst et al 2003). However, the applicability of the CEM43 scale diminishes as the temperat-
ure deviates further above the 43 ◦C (Assi et al 2022).

If thermal ablation alters the elastic properties of ablated prostatic tissue, it is reasonable to assume
that both temperature and time contribute to these changes. This underscores the need for a thorough
characterisation of how the elasticity of prostatic tissue evolves with thermal dose. To date, no studies
have explored this fundamental relationship in prostatic tissue; however, similar analyses have been con-
ducted in other types of soft tissue. Kiss et al (2009) observed complex trends in the Young’s modulus
of ex vivo canine and porcine livers treated with radiofrequency ablation, identifying local maxima at
70 ◦C–75 ◦C, followed by decreases at higher temperatures, attributed to collagen denaturation. Sapin-de
Brosses et al (2010) reported a distinct three-stage pattern in the shear modulus of ex vivo bovine muscle
in a thermal water bath, though inconsistent trends were observed in liver tissue. Their follow-up study
in in vivo rat leg muscle (Sapin-de Brosses et al 2011) demonstrated correlation between thermal dose
and stiffness, with an eight-fold increase at 202min CEM43. In other in vivo test, Mariani et al (2014)
assessed radiofrequency thermal ablation of porcine livers using SWE, establishing a Young’s modulus
threshold of 20 kPa to predict ablative necrosis with high accuracy. Shi et al (2015) highlighted differ-
ences between in vivo and ex vivo liver radiofrequency ablation experiments, noting tissue softening in
the ex vivo experiments but not in vivo, likely due to the cooling effect of perfusion. Although not relev-
ant for hyperthermia, Arnal et al (2011a, 2011b)showed a temperature-shear modulus softening relation-
ship of −1.0 kPa ◦C−1 between 30 ◦C–40 ◦C in ex vivo turkey muscle using SWE. These findings support
the hypothesis that a relationship may exist between thermal dose and elasticity, specific to each tissue
type.

Understanding the correlation between elasticity and thermal dose is essential for optimising elast-
ography modalities in the monitoring and assessment of thermal ablation as a prostate cancer treatment.
This preliminary study aims to characterise the changes in the mechanical properties of prostatic tissue
induced by thermal exposure using an ex vivo animal tissue model. While contributing to the funda-
mental understanding of thermal effects on prostatic tissue mechanics, this initial stage primarily focuses
on identifying key trends rather than establishing definitive quantitative conclusions.

The remainder of this paper is organised as follows. The methodology section describes the experi-
mental procedures designed to investigate temperature-dependent changes in the mechanical properties
of ex vivo bovine prostatic tissue. Subsequently, results from three distinct heating protocols are presen-
ted, each providing insights into specific aspects of the impact of thermal ablation on elastic properties.
Finally, the discussion explores the implications of these findings and outlines potential directions for
future research.
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Figure 1. Anatomical diagram of the uro-reproductive system of a bull, illustrating the location of the prostate regions.
Reproduced with permission from University of Wisconsin-Madison, Department of Animal Sciences (n.d.), figure is titled
“Pelvic Genitalia of the Bull”.

2. Methodology

2.1. Ex vivo bovine prostate samples
Canine subjects are frequently used as animal models in prostate cancer research (LeRoy and Northrup
2009, Mitri et al 2011); however, due to personal ethical concerns, ex vivo bovine prostatic samples
were used instead. These samples were sourced from animals fit for human consumption at local abat-
toirs. The breed of the animals was not recorded, except for four samples identified as ‘toro de lidia’,
an Iberian bull breed traditionally raised for bullfighting, whose carcasses are also processed for human
consumption following the bullfight. Ethical approval was granted from the university’s ethics commit-
tee. The animals included in the study differed in age, with those specifically raised for meat production
being approximately 12months old, while the ‘toro de lidia’ specimens were older (age shown in the
results figure 4). The age and the breed of the animals were not differentiating factors, which is demon-
strated in the results section. None of the animals had been sterilised. Samples were collected following
veterinary inspection, shortly after slaughter, and were transported refrigerated to our laboratory facilit-
ies. The tests were conducted within 2–4 h post-mortem.

As in humans, the bovine prostate surrounds the urethra at the neck of the urinary bladder; how-
ever, its geometry differs significantly (see figure 1). The bovine prostate comprises two distinct parts:
a firm protuberance known as the body of the prostate (BP) and a maximum 5mm thick, elongated,
soft annular layer called the disseminated prostate (DP). The DP also includes the culliculus seminalis
(verumontanum), where the vas deferens and seminal vesicles converge into the urethra, similarly to
the human prostate. Upon manual palpation, the BP exhibited a hard consistency comparable to that
of nasal cartilage. Consequently, the characterisation tests focused on the DP, including the region of the
culliculus seminalis. Surrounding the DP is the annular structure of the pelvic urethra muscle (PUM)
(see figure 1). In our initial tests, this muscular structure exhibited elasticity values similar to those of
the DP region, likely because the muscle fibres were not aligned with the shear waves generated. Prior
to testing, the samples were sectioned longitudinally along the urethra to expose the inner surface of the
urethral conduit, resulting in a bilayer structure with the DP region lying on top of the PUM layer (see
figure 2).

2.2. Experimental setup
The experimental setup consisted in a temperature-monitored water bath that allowed exposition of
the samples to thermal dose with simultaneous performance of SWE (see figure 3(a)). The setup was
designed to allow the water bath to reach temperatures ranging from room temperature (25 ◦C) up to
70 ◦C.

Following a similar approach to that used by Sapin-de Brosses et al (2010), the temperature-
monitored water bath consisted of a 1 L borosilicate beaker placed on a hot plate. Two temperature
sensors were immersed in the bath at the same depth and in close proximity to the sample, to provide
continuous temperature monitoring (see figure 3(a)). Although the hot plate was manually controlled,
the system’s heating response was characterised and adjusted to achieve the desired temperature pro-
tocol for each test. The temperature sensors used in the tests were DS18B20 (Texas Instruments), which
have a specified accuracy of ±0.5 ◦C according to the manufacturer’s datasheet. Each temperature read-
ing was computed as the average of the two probes, with each probe output representing the mean of
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Figure 2. Sample sectioned longitudinally along the urethra on the side opposite to the BP. (a) Outer side of the urethral struc-
ture, with (1) indicating the BP location beneath the adipose tissue; (b) inner side of the urethral structure, with (2) highlighting
the DP region overlying the PUM, and (3) showing a portion of the bladder wall; and (c) cross-sectional view of the DP-PUM
bilayer, with (4) illustrating the DP structure. (d) Sample stitched to the net in the supporting frame.

three consecutive measurements acquired at one-second intervals. This measurement approach was calib-
rated against two reference thermometers, yielding a maximum deviation of ±0.2 ◦C.

Each sample was trimmed to ensure consistent geometry across all tested samples. The perimeter
was then stitched onto a cotton net using thread (see figure 2(d), which was subsequently attached to a
circular metal frame, positioning the sample 5 cm above the bottom of the beaker (figure 3(a)).

SWE by a Vantage 256 system (Verasonics, Kirkland, WA, USA) and an L11-5V ultrasound trans-
ducer (Verasonics, Kirkland, WA, USA) was used to characterise the SWS of the samples. To main-
tain the transducer below 45 ◦C as instructed by the probe manufacturer, a custom-made secondary
water container with a water recirculation system and an acoustic window at its bottom was employed
(see figure 3(a)). The maximum temperature measured in the secondary container during the tests
was 41 ◦C. The container was mounted on a computer-controlled mechanism that enabled rapid ver-
tical motion. The container was submerged in the temperature-monitored water where the sample was
exposed to the thermal dose to perform the SWE measurement. Temperature and time of each measure-
ment were recorded. The container’s stopping position was calibrated so that the ARF focus targeted the
DP of the sample.

2.3. Quantification of the thermal exposure
During the thermal exposure tests, temperature measurements were recorded at 1-minute intervals,
matching the frequency of the SWE acquisitions. The entire SWE acquisition protocol was optimised to
reach this sampling rate, which was accomplished by parallelising the motion of the transducer container
and the data saving processes. The collected data were analysed to estimate the SWS of the samples
as a function of time and temperature, based on the thermal isoeffect dose CEM43, see equation (1)
(Sapareto and Dewey 1984). The CEM43 scale represents the equivalent time, in minutes, that biological
tissue would need to be exposed to a temperature of 43 ◦C to induce thermal damage.

CEM43=
n∑

i=1

tiR
(43−Ti) (1)

where ti represents the time points and Ti the temperature at each corresponding time point. The para-
meter R denotes the number of minutes required to compensate for a 1 ◦C temperature change to
achieve the equivalent thermal damage effect at 43 ◦C. Sapareto and Dewey (1984) assigned R a fixed
value of 0.5 when Ti is above 43 ◦C and 0.25 when it is below. However, as noted by previous studies
(Bhowmick et al 2004, van Rhoon 2016, Assi et al 2022) and demonstrated in this study (see the supple-
mentary corresponding figures), using R= 0.5 results in excessively high CEM43 values at temperatures
exceeding 47 ◦C–50 ◦C. Notably, Sapareto and Dewey (1984) acknowledged that R could vary between
0.4 and 0.8 for temperatures above 43 ◦C. In reality, R is both temperature- and tissue-dependent (see
equation (2)), as indicated by Henriques and Moritz (1947), who first applied the Arrhenius model to
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Figure 3. (a) Schematic of the experimental setup. (b) Cross-section of a sample illustrating the approximate region used for
generating the ARF push and for the Region of Interest (ROI) selection (≈ 4× 8mm), where the SWS analysis is performed; see
section 2.4.

hyperthermia-the basis from which the CEM43 scale is derived.

R= e−Ea/(RgTK(TK+1)) (2)

where Ea is the activation energy barrier (cal/mol), Rg is the universal gas constant (1.987 calmol−1 ◦K),
and TK is the absolute temperature (◦K) (Sapareto and Dewey 1984, Dewhirst et al 2003, Bhowmick et al
2004).

In this work, the value of R was taken as indicated by Sapareto and Dewey (1984) for temperatures
below 43 ◦C. For temperatures above 43 ◦C, R was calculated according to equation (2) using the activ-
ation energy parameter Ea = 42.6 kcalmol−1, as experimentally fitted for ex vivo human prostatic tissue
from radical prostatectomy in the study by Bhowmick et al (2004). For the range of temperatures tested
(up to 70 ◦C), equation (2) yielded values of R from 0.8 to 0.83 (applied to temperatures above 43 ◦C).

2.4. SWE and estimation of the SWS
The elastic properties of the samples were characterised using the group velocity of the propagated shear
waves, referred to as the SWS. The SWS can be considered a measure of the stiffness of the medium as
it is proportional to the square root of the shear modulus. Beamformed IQ data from the Verasonics
Vantage 256 system was used to estimate particle displacement across a sequence of temporal frames
using the Loupas correlation algorithm (Loupas et al 1995). Five ROIs were manually selected by the
same operator within a defined area of analysis of approximately 4×8 mm within the DP region of the
samples, carefully avoiding the chaotic focal region of the ARF (a schematic is shown in figure 3(b)).
Each ROI extended up to 8mm along the direction of shear wave propagation. Transversely, the ROIs
measured up to 1 mm. In image pixel terms, the ROI size ranged from 10×80 to 20×100 pixels, with
the first dimension aligned with the ultrasound beam (i.e. vertical dimension in figure 3(b). The pixel
size was 4.8×9.8 µ m. The SWS value was computed as the slope of the leading edge formed by the
maximum particle displacement at each position across the sequence of frames. The data points and the
whiskers in the results figures correspond to the mean and standard deviation calculated across the five
analysed ROIs.

SWS characterisation was terminated when the reconstructed values became unreliable due to an
excessive number of outliers deviating from the tendency curve. This situation occurred either as a res-
ult of a poor signal-to-noise ratio (SNR<3) or because the sample shifted out of the ARF focus due to
extreme permanent thermal shrinkage.

Given the dimensions of the samples and their layered structure, it is likely that guided modes of
propagation were excited, with the Scholte wave predominating on the surface of the samples (Scholte
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1947). However, these waves were not explicitly accounted for in the analysis. If present, their velocity-
approximately 84% of the SWS (Li et al 2019)-fell within the experimental variability of the SWS meas-
urements. Moreover, since the analysis focused on relative changes in SWS due to thermal exposure, the
potential influence of guided waves on absolute SWS values was minimised.

2.5. Temperature protocols
Thermal dose does not depend linearly on time or temperature (equation (1)) (Sapareto and Dewey
1984). Following a similar approach to that of Sapin-de Brosses et al (2010, 2011), three types of tests
were conducted under different temperature histories.

Test type 1: constant-rate heating
The first type of test employed a temperature protocol with a constant, linearly increasing ramp at a rate
of 1 ◦Cmin−1, starting from room temperature and reaching up to 70 ◦C. Eight samples were analysed.
Four of them were obtained from ‘toro de lidia’ specimens, while the rest were obtained from animals of
approximately 12months of age raised for meat production. These tests pursued the identification of the
temperature at which noticeable changes in SWS occurred.

Test type 2: steady temperature
The second type of test investigated the temperature-dependent behaviour of SWS under uniform tem-
perature conditions. It focused on the range of temperatures for which the CEM43 scale was originally
conceived (Sapareto and Dewey 1984), within which changes in SWS began to be observed in test type
1. Samples were submerged in a pre-heated, temperature-stable water bath. Seven samples were analysed,
with tests conducted at temperatures ranging from 43 ◦C to 53 ◦C. All samples tested under this protocol
were obtained from animals raised for meat production and approximately 12months of age.

Test type 3: steady temperature followed by rapid cooling down
Thermal ablation induces irreversible changes in the elastic properties of tissue. However, irreversibil-
ity of these changes is not clear at lower thermal doses (Sapin-de Brosses et al 2010). The third type
of test evaluated the residual change in elastic property if thermal exposure is suddenly dropped off.
The temperature protocol consisted of maintaining a steady temperature plateau at around 43 ◦C, fol-
lowed by a rapid cooling phase achieved by submerging the samples in a secondary container filled
with water maintained at 25 ◦C. Four tests were conducted, initiating the cooling phase at four different
times: 20, 40, 60 and 120min. In all cases, the cooling phase spanned 30min. The time needed to restart
the ARF-SWE tests after immersing the sample in the cold bath was approximately 2 min. All samples
tested under this protocol were obtained from animals raised for meat production and approximately 12
months of age.

3. Results

3.1. Constant-rate heating
Results from this test are shown in figure 4(a). For each sample, five SWS analyses were performed, with
the mean values and standard deviation (whiskers) represented in the graph. Considerable variability
in SWS behaviour among samples was observed as temperature increased, with this variability grow-
ing with temperature, reaching up to 50% relative to the mean SWS value across the eight samples at a
given temperature point. A moderate correlation (Pearson r= 0.5925) was found between the animal’s
age and SWS at initial temperatures (i.e. before thermal injury, below 40 ◦C), but this correlation dimin-
ished to near zero at 65 ◦C (Pearson r= 0.0251).

Initial SWS values ranged from 1.5 to 2.8m s−1. Overall, an increase in SWS was observed in all
cases, with increments reaching up to five times the initial SWS value. However, the rate of increase
exhibited a distinct pattern across the temperature range. Between room temperature and 40 ◦C, no
appreciable changes in SWS were noticeable beyond the observed measurement variability. From 40 ◦C
to 50 ◦C, SWS began to increase gradually, but not more than 50% of the initial SWS value. Between
50 ◦C and 60 ◦C, the rate of change accelerated, and above 60 ◦C, SWS increased sharply, reaching incre-
ments of up to five times the initial value. It is important to note that these results are specific to a heat-
ing rate of 1 ◦C per minute. Different heating profiles, as demonstrated in test type 2, may yield different
outcomes.

In figure 4(b), the results from figure 4(a) were normalised to the measurements at the initial time
points at room temperature. Furthermore, time and temperature were combined into a single metric
using the modified CEM43 scale based on the parameters from Bhowmick et al (2004) (equations (1)
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Figure 4. SWS measurements from ex vivo bovine prostatic samples during constant-rate heating test at 1 ◦C/min, shown as
(a) function of temperature and (b) function of thermal exposure using the modified CEM43 scale using the parameters from
Bhowmick et al (2004) (horizontal axis in logarithmic scale). Data points and whiskers correspond with the mean and standard
deviation of SWS estimation over 5 different ROIs.

and (2)). An initial attempt to use R= 0.5, as originally proposed by Sapareto and Dewey (1984) and
employed in various reference studies, such as that by Sapin-de Brosses et al (2011), resulted in inco-
herently high CEM43 values, reaching the order of 108 CEM43 min (the respective figure is within the
supplementary material). This demonstrates that the CEM43 scale as employed by Sapareto and Dewey
(1984) fails to represent thermal exposure at temperatures exceeding 45 ◦C), as discussed in other studies
(Bhowmick et al 2004, van Rhoon 2016, Assi et al 2022). Alternatively, using R calculated as described
in the methodology section 2.3 and based on the parameters determined by Bhowmick et al (2004)
for prostatic tissue, for temperatures above 43 ◦C, yielded CEM43 min that were more consistent with
the expected times for thermal injury: not more than a few hundred CEM43 min (van Rhoon 2016,
Geoghegan et al 2022). The dispersion of stiffening trends, defined as SWS increases relative to initial
values, increased with thermal dose (see figure 4(b)).

3.2. Steady temperature
Results from this test are shown in figure 5. Figure 5(a) presents the absolute SWS values as a function
of heat exposure time, including the initial SWS values at room temperature, which ranged from 1.5 to
2.5m s−1. In all cases, SWS began increasing almost immediately, within the first 2min of immersion
in the water bath. After the initial 10–20min, SWS exhibited an approximately linear increase over time.
Final SWS increments ranged from 50% to 130%, aligning with the order of magnitude observed in test
type 1 for temperatures between 40 ◦C and 55 ◦C (see figure 4(a)). The duration of each test was lim-
ited by the quality of the reconstructed SWS values. After 90–100 min, the water in the hot bath began
to cloud due to the diffusion of impurities from the samples, reducing the SNR of the ultrasound sig-
nals and degrading the quality of wave propagation measurements, ultimately forcing the termination of
the tests. The gradual and continuous change in SWS observed here contrasts with the sudden increase
noted in test type 1 at temperatures above 60 ◦C.

Figure 5(b) presents the SWS values from figure 5(a) normalised by the SWS value at room temper-
ature. The linear rate of SWS change over time did not show a significant correlation with temperat-
ure (Pearson r= 0.4093). The stiffening trends over time with samples exposed to constant temperatures
between 43 ◦C–53 ◦C displayed similar slopes, irrespective of the temperature. However, this should be
interpreted cautiously given the narrow temperature range tested and the limited sample size.

Figure 5(c) shows the SWS values normalised to their respective measurements at room temper-
ature and expressed as a function of thermal dose, calculated using the modified CEM43 scale by the
parameter R as defined in equation (2) (Bhowmick et al 2004). As observed in figure 5(b), a consist-
ent increase in SWS was evident across all samples and temperatures as thermal exposure progressed.
Variability among samples increased over time, further highlighting the complexity of the tissue response
to thermal exposure. Notably, two distinct trend groups emerged: one for tests conducted below 50 ◦C
and another for those above this threshold. The separation became more pronounced when using the
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Figure 5. SWS measurements from ex vivo bovine prostatic samples during the steady temperature test (test type 2), shown as
(a) function of exposure time to heat, (b) normalised by the SWS value at room temperature and as a function of exposure time
to heat, and (c) normalised by the SWS value at room temperature and as a function of thermal exposure using the modified
CEM43 scale using the parameters from Bhowmick et al (2004) (horizontal axis in logarithmic scale). Data points and whiskers
correspond with the mean and standard deviation of SWS estimation over 5 different ROIs.

original R values proposed by Sapareto and Dewey (1984), as shown in the supplementary mater-
ial. This separation appears to stem primarily from the mathematical definition of the CEM43 scale
(equation (1)), and therefore no clear relationship between CEM43 and SWS can be established for the
range of temperatures tested (43 ◦C–53 ◦C).

3.3. Steady temperature followed by rapid cooling down
Results from this test are shown in figure 6, with SWS values normalised to their initial measurements
at room temperature. Consistent with test type 2, SWS began increasing within the first two min after
immersion in the water bath at 43 ◦C. Similarly, after the initial 10–20min, the rate of change in SWS
stabilised, showing a nearly constant increase over time. In all cases, this steady rise was followed by a
stable plateau once the cooling phase began, persisting throughout the entire 30-minute cooling period
and indicating an irreversible change. The transition time from the hot to the cold bath was accoun-
ted for in the graphs. The results show a clear correlation between the magnitude of irreversible change
and the duration of thermal exposure (Pearson r= 0.9868), with longer heating times leading to greater
increases in SWS, from a 20% increase for the 20min test to 50% for the 120min test. In two cases, cor-
responding to 40 and 120 min of thermal exposure, the cooling phase appeared to show a slight soften-
ing, represented by a small decrease in SWS. However, this decrease falls within the observed standard
deviation after cooling, likely reflecting the natural variability of SWS measurements and minor differ-
ences in ROIs placement between the thermal exposure and cooling phases.
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Figure 6. Normalised SWS measurements by their respective SWS value at room temperature, as a function of time, from ex vivo
bovine prostatic samples during the steady temperature test at 43 ◦C followed by rapid cooling down. Thermal exposure times
were 20, 40, 60 and 120min followed by 30min of cooling phase. The dash vertical line separates the thermal exposure phase
from the cooling down phase. Data points and whiskers correspond with the mean and standard deviation of SWS estimation
over five different ROIs.

4. Discussion

This study investigated the impact of thermal exposure on the elastic properties of prostatic tissue, using
for that purpose ex vivo bovine prostates. Three type of tests explored different thermal exposure profiles
to assess changes in SWS, following similar procedures from the literature (Sapin-de Brosses et al 2010,
2011, Amador et al 2015). Test type 1 used a constant heating rate of 1 ◦Cmin−1 up to 70 ◦C to identify
temperature thresholds for SWS changes. Test type 2 maintained steady temperatures between 43 ◦C and
53 ◦C to capture temperature-dependent behaviour at the interval where changes in SWS become sig-
nificant. Test type 3 held a steady temperature at 43 ◦C followed by rapid cooling to 25 ◦C, evaluating
the irreversibility of stiffness changes after varying thermal doses. In addition, the CEM43 scale pro-
posed by Sapareto and Dewey (1984) was used in this study to quantify thermal dose by combining time
and temperature into an equivalent exposure at 43 ◦C. To address the scale’s known limitations at high
temperatures, the parameter R was adjusted based on the Arrhenius model, using experimentally fitted
activation energy for prostatic tissue from Bhowmick et al (2004), which yielded more coherent CEM43
values for temperatures above 43 ◦C.

The temperature ranges tested (up to 70 ◦C) induced notable changes in SWS, with the largest incre-
ments observed at higher temperatures (see figure 4(a)). Above 60 ◦C, SWS increased between two and
five times the initial value at room temperature, consistent with findings in other ex vivo animal soft tis-
sues (Kiss et al 2009). Below 55 ◦C, changes were moderated, remaining below 50% increase. A moderate
correlation was observed between the animal’s age and the SWS value at room temperature (Pearson r
= 0.5925), older animals showing higher SWS values (see figure 4(a)). However, this moderate correla-
tion disappeared at ablative temperatures (Pearson r = 0.0251 at 65 ◦C), suggesting that age was not a
relevant factor in this study. These findings should be interpreted with caution due to the limited num-
ber of samples in each age group. No statistically significant differences were found between the samples
obtained from the ‘toro de lidia’ group and the rest (t-test, p> 0.05) at each registered temperature.

The mechanisms driving stiffness changes during heating are not fully understood but are hypo-
thesized to involve collagen denaturation (Wall et al 1999, Wright and Humphrey 2002, Lepetit 2007).
At temperatures exceeding 60 ◦C, collagen fibres contract, transitioning from their native triple-helical
structure to a more disordered state, resulting in irreversible stiffness increases. Irreversible changes were
observed in test type 3 even at thermal exposures as low as 20 CEM43 min (the test employed a temper-
ature of 43 ◦C, see figure 6), and the remaining SWS values stabilised post-cooling.

A consistent observation across all tests was the variability in absolute SWS values among samples,
which underscores the importance of analysing relative changes rather than relying on absolute measure-
ments. This variability could be attributed to individual differences in tissue composition and anatomy,
factors commonly observed in other glandular tissues (Sapin-de Brosses et al 2010). Age and breed were
not found related to the observed inter-sample variability at thermal injury temperatures.
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The study also pointed out possible limitations of the CEM43 scale. Using the original CEM43 scale
by Sapareto and Dewey (1984) yielded unrealistically high values in the order of 1010 CEM43 min for
bath temperatures exceeding 50 ◦C. Adopting R based on equation (2) and using experimental data from
Bhowmick et al (2004), produced more sensible results with established thresholds for thermal injury (in
the order of hundreds of CEM43 min (Geoghegan et al 2022)), with the largest SWS increments occur-
ring above 200 CEM43 min, as observed in the first type of test (see figure 4(b)).

Although the samples were relatively thin (thickness between 10 and 15mm) and the region for SWS
analysis was located close to the surface, a temperature gradient occurred between the sample surface
and core. Therefore, it must be acknowledged that the true temperature at the region of SWS analysis
could not be directly measured, which may have affected the actual CEM43 values obtained. This issue
becomes even more critical under rapid heating protocols where heating occurs within seconds. Future
work on the characterisation of SWS during rapid ablation should address this challenge, for instance by
combining experimental data with thermodynamics simulations.

Results from test type 2 under steady temperature showed no significant correlation between tem-
perature and the rate of change in SWS values (Pearson r= 0.4093) (figure 5(b)). Nonetheless, this
observation should be interpreted with caution, as the range of temperatures tested was narrow and the
number of samples limited. When the same dataset was plotted as a function of thermal dose using the
modified CEM43 scale with the parameters from Bhowmick et al (2004), two distinct groups emerged
(figure 5(c)), separating exposures below and above 50 ◦C. CEM43 assumes that 43 ◦C is a pivotal tem-
perature for thermal cytotoxicity. Therefore, the forking most likely arises from the mathematical defin-
ition of CEM43 with respect to temperature (equation (1)). The different behaviour of the data when
plotted against temperature versus thermal dose (figures 5(b) and (c)) can be attributed to the distinct
mechanisms underlying the two biomarkers. The CEM43 scale is based on thermal cytotoxicity, whereas
SWS changes induced by heating are mainly linked to alterations in the structural components of the tis-
sue. Further research should examine the correlation between elastography results and cellular viability
to validate SWS as a practical biomarker of thermal damage.

Furthermore, no clear thermal exposure threshold for a sharp stiffness increase was identified in
the results from test type 2, unlike the findings for muscular tissue under a similar heating protocol
(Sapin-de Brosses et al 2011). This discrepancy raises questions, as the time profiles reported by Sapin-de
Brosses et al (2011) do not appear fully consistent with their corresponding CEM43 plots. Furthermore,
no transient softening was observed in our samples, contrasting with studies on ex vivo bovine muscu-
lar tissue (Benech and Negreira 2010, Sapin-de Brosses et al 2010) but aligning with ex vivo liver tissue
behaviour (Kiss et al 2009, Sapin-de Brosses et al 2010). These differences may be related to the distinct
content and organisation of structural proteins across tissue types. Glandular tissues such as liver and
prostate differ notably from musculoskeletal tissues in this regard, which could influence their thermo-
mechanical response. In particular, thermal transitions involving partial denaturation and subsequent
reorganisation of protein structures—such as collagen (Wright and Humphrey 2002, Lepetit 2007, Sapin-
de Brosses et al 2010). Although these mechanisms have been more clearly characterised in muscle, they
may help explain the monotonic increase in SWS observed. Further investigation, including histological
analysis, would be necessary to clarify the structural basis of these findings.

Despite the valuable insights gained, this study presents several limitations. The inter-sample vari-
ability observed suggests histological differences among the samples, which were not investigated.
Experimental constraints, like impurities accumulating in the water bath in the long-duration test type
2, reduced SNR and prematurely terminated some tests, potentially affecting measurement consist-
ency. Additionally, the ex vivo nature of the study excludes the influence of perfusion, a critical factor
in in vivo thermal ablation.

Overall, the results evidenced a substantial increase in SWS at higher temperatures, especially above
60 ◦C. The clear differences observed between initial and final SWS values suggest that elastography
could delineate thermal ablation lesions. Specifically, applying a defined threshold value indicative of
complete coagulative necrosis might assist in differentiating treated from untreated regions, potentially
enhancing the precision of thermal ablation procedures. Future research should investigate in vivo per-
fused conditions, correlating elastography results with cellular viability and biological injury to refine
and validate SWS as a practical metric. Furthermore, exploring longer-term biomechanical changes post-
ablation and refining thermal dose metrics could significantly advance the interpretation and utility of
elastography data.
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5. Conclusion

This preliminary study investigated the effects of thermal exposure on the elastic properties of prostatic
tissue using ex vivo bovine samples. Despite significant variability, consistent trends emerged, with sub-
stantial SWS increases observed at higher temperatures, particularly above 60◦C, where increments of
up to fivefold were recorded. These findings encourage further exploration of SWS measurements for
identifying and delineating thermal ablation lesions. The results also indicate potential limitations of the
CEM43 scale at elevated temperatures, which should be further examined under conditions where core
temperature can be more accurately assessed-an aspect that becomes especially critical for rapid thermal
ablation protocols. Future research should additionally assess the impact of perfusion on heat deposition
and examine the biomechanical response of prostatic tissue under rapid heating protocols that better
mimic real thermal ablation conditions.
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