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Abstract—The aim of the study is to demonstrate the interest and relevance of infrared
thermography, which is a non-invasive full-field surface temperature measurement technique,
to characterize the heterogeneous heating caused by ultrasound in biological tissue. Thermal
effects of Shear Wave Elastography (SWE), Pulse-Doppler (PD) and B-mode were evidenced
in porcine tissue. Experiments were performed using a high-frequency echography
Aixplorer® system (Supersonic Imagine, Aix-en-Provence, France). For the three modes,
ultrasound was applied continuously for 360 seconds while the temperature was recorded at
the sample surface with a Cedip Jade III-MWIR infrared camera (Flir, Torcy, France).
Temperature changes were detected for the three modes. In particular, “heat tunnels” crossing
the sample were visualized from the early stages of the experiment. Heat conduction from the
transducer was also involved in the global warming of the sample. The study opens up
prospects for safety studies, potentially in addition to classical approaches such as those using

thermocouples.

Keyword: Shear Wave Elastography; Ultrasound; Infrared thermography; Temperature rise;

Safety
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INTRODUCTION

Shear Wave Elastography (SWE) exploits acoustic radiation force (ARF) to generate stiffness
maps in biological tissue. In practice, a 100 Ys focused compression wave generates radiation
force in dissipative biological media, which pushes the tissue for some dozens of pm in the
target focal zone. When the tissue relaxes, it creates a shear wave propagating perpendicularly
to the axis of the ultrasound beam at a speed of about 1 m/s. This shear wave is then
visualized by ultrafast ultrasound imaging, capturing the wave front every 10 ms. Shear wave
propagation speed is related to the Young's modulus of the biological tissue, a physical
property usually expressed in kPa and characterizing material stiffness (Gennisson et al.
2013). The clinical relevance of SWE has been demonstrated for the detection of masses in
superficial organs such as breast cancer (Cosgrove et al. 2012), and for the diagnosis of
pathologies in deep organs, such as a cirrhotic liver (Guibal et al. 2016).

With the increasing number of publications on elastography, the World Federation for
Ultrasound in Medicine and Biology (WFUMB) decided to take the initiative to create
guidelines in August 2011. The first consensus meeting was held in March 2013 and led to the
development of guidelines for basic science in elastography (Shiina et al. 2015), and for the
use of this technique for the breast (Barr et al. 2015) and liver (Ferraioli et al. 2015), without
distinguishing between the different elastography modes.

Elastography has recently been applied to gynecology (Thomas et al. 2007; Ami et al.
2009) and obstetrics (Kili¢ et al. 2015; Alan et al. 2016; Quarello et al. 2016). Many
published articles already deal with tissues that are accessible to methods necessitating the
direct compression of the organ by the ultrasound probe, such as the cervix (Molina et al.

2012; Khalil et al. 2013; Hernandez-Andrade et al. 2014; Fruscalzo et al. 2016; O’Hara et al.
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2018). Since SWE enables imaging without direct contact between the transducer and the
observed tissue, it appears as the ideal candidate for fetal tissue elastography examinations
(Diguisto et al. 2017; Mottet et al. 2017). However, until now there have been no guidelines
on the use of SWE in obstetrics. Regardless of its clinical relevance, it is necessary to
demonstrate its safety before allowing its utilization in routine practice for fetuses.

Diagnostic ultrasound can lead to two main types of potential effects on biological
tissues, namely thermal and mechanical effects (Shankar and Pagel 2011a). The thermal effect
was for instance studied by Palmeri and Nightingale (2004) using thermocouples placed
inside the tissue (Palmeri et Nightingale 2004). It is important to note that the period of
organogenesis is considered as particularly sensitive to thermal stress (Fowlkes 2008).
Investigations on laboratory animals have documented that an elevation in temperature can
damage biological tissues (Pellicer et al. 2011; Schneider-Kolsky et al. 2009). Thermally-
induced teratogenesis has been shown in many animal studies (Germain et al.1985). The issue
of temperature rise due to ultrasound, and SWE in particular, is thus critical.

In the present work, we focus on the observation of the thermal effect in biological
tissue generated by three ultrasonic modes, namely SWE, Pulse-Doppler (PD) and B-mode.
An infrared (IR) thermographic camera was used for this purpose. This device provides full-
field temperature measurements at the surface of the object under investigation. In the last few
decades, IR thermography has become widespread in the mechanics of materials community,
leading to important insights into the thermal response of materials subjected to mechanical
excitation (Chrysochoos et al. 2010). It is in particular possible to experimentally evidence
thermo-mechanical couplings, i.e. temperature variations caused by changes in the mechanical
state of the material. Various mechanical phenomena in various materials are related to
calorific responses, for instance elasticity, plasticity, viscosity, fatigue damage, elasto-plastic

transition, cracking, vibrations, friction, strain- or stress-induced phase transitions, etc. IR
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thermography is now recognized as a relevant experimental means to study the
thermomechanics of materials. However, to the best of the authors’ knowledge,
thermographic approaches have not before been applied to the calorific response of biological
tissues subjected to ultrasonic excitation.

The aim of the present study is to demonstrate the interest and the relevance of IR
thermography to characterize the heterogeneous heating caused by ultrasound in biological
tissue. Two modalities which are already authorized for pregnant women (PD and B-mode)
were compared with the SWE mode, with potential perspectives for the study of the safety of

the latter in obstetrics (Issaoui et al. 2018).

MATERIALS AND METHODS

Experimental setup

The echography system used for the experiments was a high-frequency Aixplorer®
(Supersonic Imagine, Aix-en-Provence, France). It features three imaging modes: B-Mode,
PD and SWE. The chosen transducer, typically used in obstetrics, was a curved SC6-1 probe
(Supersonic Imagine, Aix-en-Provence, France) featuring 192 piezoelectric elements and a
bandwidth of 1-6 MHz. Temperature measurements were carried out using a Cedip Jade III-
MWIR camera (Flir, Torcy, France). This IR camera features a wavelength range of 3.5-5 um,
a sensor size of 320x240 pixels and a Noise Equivalent Temperature Difference (NETD)
equal to 0.02°C. This latter quantity corresponds to the temperature measurement resolution,
that is, the change in quantity being measured that causes a change in the corresponding

indication of greater than one standard deviation of the measurement noise (Chrysochoos and
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Surrel 2012). The lower the measurement resolution, the lower the noise and thus the better
the measurement.

Measurements were performed on homogeneous pieces of porcine muscle
(slaughterhouse: Hassenforder et fils S.A.S., Vichy, France; identification number: 11P18025;
FR-03-094-001 CE; order number; CV18032542) by three operators (MI, XB and DL).
Several samples with dimensions of 130x70x60 mm?® were cut by hand. Two configurations
were tested in terms of the location of the transducer with respect to the porcine sample (Fig.
1-a). The reason for this positioning on the sample was that IR thermography provides
temperature maps at the surface of the observed object. In Configuration #1, the surface
observed by the IR camera is perpendicular to the plane of the transducer, whereas it is
parallel to it in Configuration #2. The two test configurations were considered as
complementary in order to obtain two perpendicular slices of the three-dimensional
temperature field in the bulk. It is worth noting that air is a bad conductor of heat by natural
convection, while pig muscle transmits heat relatively well by conduction (thermal diffusivity
of 1.14E-7 m?/s (Giering et al. 1995). Temperature rises during experiments are expected to
be overestimated compared to a situation for which the dimensions of the sample were
infinite.

A second sample was used as a reference to track thermal fluctuations in the close
environment (Fig. 1-b). The sample to be subjected to ultrasound (named “sample” in the
following) and the reference sample (named “reference” in the following) were placed in a
homemade plastic frame featuring two shelves. The reference was placed under the sample, in
the IR camera’s field of view. The bottom part of the transducer was also visible at the top of
the thermal images. Note that the reference was placed close enough to the sample so that it

can be reasonably assumed that it was submitted to the same environmental fluctuations
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during testing. However, the reference was physically separate from the sample, so it was not
affected by ultrasonic excitation.

Figure 1-c shows three photographs of the experiment. The transducer was in contact
with the sample using a static system ensuring a constant force. The sample was therefore
deformed in addition to the effect of gravity. It is worth noting that performing quantitative
measurements with an IR camera is somewhat tricky when temperature changes are small.
This is due to the fact that various phenomena potentially influence the measured
temperatures in addition to the desired ones, for instance potential changes in the ambient
airflow or in ambient temperature, and more generally in the elements inside the testing room
(persons, heating system, doors opened, etc.). Misleading conclusion could therefore be
drawn from measured temperature fields if some precautions are not taken when preparing
and performing the tests. First, a cardboard tunnel was placed between the IR camera and the
observed surfaces. Second, attention was paid to ensure the steady thermal state of the testing
room. To this end, the echography system, IR camera and computers were turned on three
hours before the test session began, and nobody was present in the room during the tests, in
order to limit airflow. No operator was required to maintain the transducer/sample contact
thanks to the use of a fixed gripping system. Operators left the room just after starting the test,
whose end was programmed automatically. Thermal acquisition began twenty seconds before
starting ultrasonic excitation. Synchronization uncertainty was of about 0.5 s because of the
thermal recording frequency fr set to 2 Hz, which is acceptable when considering the
response time of the thermal phenomena and the test duration.

The three echography modes (B-mode, PD and SWE) were applied for comparison
purposes, using a gel for the coupling between sample and transducer. Table 1 provides the
ultrasound parameters for each mode. For the three modes, the ultrasonic excitation ran

continuously for 360 s and then stopped. For each test, the IR camera measurements lasted



163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

longer than this, so that temperature variations could be monitored after the ultrasonic activity
had stopped. A waiting time of one hour was respected between two consecutive tests, to
ensure a thermal steady state when starting the second one. Note that for the B-mode, two
focal configurations were also compared (10-25 mm and 25-40 mm), but preliminary tests
showed that there was no difference in terms of temperature distributions, probably due to low
calorific impact in both cases. Finally, the spatial resolution of the measured temperature
maps was 0.53 mm. In the metrological framework of full-field measurement techniques, the
spatial resolution can be defined as the period of the sine quantity beyond which the relative
loss in amplitude of the quantity returned by the measuring technique is greater than a certain
value (Grédiac et al. 2017). Basically, the spatial resolution can be seen as the shortest
distance between two spatially independent measurements. For raw thermal data provided by
an IR camera featuring independent sensors, the spatial resolution is equal to the pixel size
projected on the surface under investigation. Each temperature map can thus be seen as a grid of

“thermocouples” with a pitch equal to 0.53 mm.

Measurement of temperature change due to ultrasonic excitation

The calibration of the temperature measurement was performed by XB using a SR-
800-7D extended area blackbody (Cl-systems) with a two-point procedure (10°C and 35°C)
and an integration time of 1500 ps. The thermal emissivity of the biological tissue was
considered to be equal to 0.95, with an environment temperature corresponding to the ambient
temperature (between 24°C and 26°C over the whole duration of the test period). The thermal
emissivity value was defined after preliminary tests comparing temperature changes with and
without covering the raw surface of the biological tissue with matt black paint. Results

evidenced the high thermal emissivity of the raw surface of the sample. Two precautions were
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taken to ensure the correct assessment of the temperature changes due to ultrasound: (i) the
use of specific thermal acquisition conditions to reduce noise, and (ii) the subtraction of
thermal fluctuations in the environment thanks to the reference.

(i) The IR camera acquisition frequency f, was set to 100 Hz, but each recorded
image was the average of 50 successive frames, thus leading to a recording frequency fg of
2 Hz. This setting was chosen based on preliminary tests (not detailed here) which showed
that the temperature change is smooth enough whatever echography mode is chosen. Indeed,
no ‘“sudden” temperature increase could be observed. Averaging enables us to improve
measurement resolution compared to the base NETD of the IR camera, but without losing
information (see for instance (Gonzales and Woods 2006)). In theory, for Gaussian noise, the

temporal averaging operation of 50 frames improves the measurement resolution by a factor

of v/50 but this impairs the temporal resolution. Applying this procedure leads the standard
deviation of the resulting noise to be equal to some thousandths of one degree only.

(i1) Figure 2 illustrates the interest of using the reference for the correct assessment of
the temperature change due to ultrasound only. The data correspond here to a test performed
in Configuration #1 for the B-mode. The black curve shows the temperature change of the
reference, while the blue one shows the temperature at point A on the sample subjected to
ultrasound (see schematic view in Figure 2 for the location of point A). By “point”, we mean
the surface element on the sample plane corresponding to one pixel, whose dimension is
0.53%0.53 mm?. Note that the measurement resolution of the reference temperature was
improved by spatially averaging over a large rectangular zone (see schematic view in Figure
2). The red curve corresponds to the temperature change at point A due to ultrasonic waves
only, obtained by subtracting the temperature change of the reference from that of the sample.
Even if fluctuations in the environment (black curve) were limited to a few hundredths of a

degree, it can be seen that the raw data at point A slightly underestimates the data to be
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considered for the analysis (the blue curve is below the red one). It is worth noting that the

“strong” perturbation around time 120 s was correctly removed by the processing.

RESULTS

For the sake of clarity, physical measurements are commented in the present section while the

clinical impact is developed in the following one.

Analysis of some temperature change maps

Figure 3 presents the maps of temperature change at t = 80 s in Configuration #1 for
the three echography modes. This specific time was selected to highlight the remote heating
from the transducer. The following comments can be drawn from this figure:

e for the three modes, a vertical “heat tunnel” is visible under the contact with the
transducer (see the arrows in the images). This phenomenon cannot be explained by an
increase in the transducer temperature accompanied by heat conduction inside the
sample. Indeed, assuming isotropic thermal conduction in the tissue, a concentric
distribution would have been obtained if only heat conduction was involved. Note,
however, that a conduction effect can be observed just under the contact with the
transducer, especially for the SWE mode (see green color in Fig. 3-c). This is a
consequence of the self-heating of the piezoelectric elements themselves;

» the vertical tunnels appear to be quite homogeneous in temperature for both the B-
mode (Fig. 3-a) and PD (Fig. 3-b): see homogeneous green color corresponding to a
temperature change lying between about 0.04°C and 0.06°C. For SWE, hotter zones

are clearly visible at the bottom part and some centimeters under the contact with the

10
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transducer (Fig. 3-c). This latter observation confirms the remote heating from the

transducer, which is due to the ultrasonic waves crossing the sample in the plane of the

transducer. The hot zone at the bottom part can be explained by a reflection of the
waves, whereas the hot zone under the contact with the transducer can be explained by

an effect of beam focusing. This second hot zone appears to be located about 20 mm

under the contact with the transducer in the observation plane, to be compared with the

focal zone of 25-40 mm given in Table 1. The difference can be explained by recalling
that the transducer is curved. The hot zone is probably also curved inside the sample,
explaining the measurement of 20 mm in the observation plane;

* in order to have better color dynamics for each mode individually, Figure 3-d shows
some close-up views of the central zone with suitable color scales. With these
representations, reflections at the bottom part of the sample are also visible for the B-
mode. Clearly, the caloric effect of SWE in the biological tissue is greater than that of
both B-mode and PD.

As a general conclusion from Figure 3, the three heat tunnels in the temperature change maps
constitute a clear signature of remote heating from the transducer, associated with wave
propagation.

Figure 4 presents the thermal maps obtained for Configuration #1 at the end of
transducer activation, i.e. at t = 360 s. For B-mode and PD (Figs. 4-a and -b), the color scales
are the same as in Figure 3, for comparison purposes. For SWE, the color scale was modified
because of the much stronger thermal activity for this mode. As a first comment, the heat
tunnels can again be observed, but they appear thicker compared to those obtained at = 80 s
(Fig. 3). Moreover, their widths are not homogeneous: they are indeed larger at their ends
(close to the transducer and at the bottom). This can be explained by heat conduction inside

the tissue: the heat that was created remotely by the waves progressively diffused. As a

11



263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

general comment, temperature distribution is the result of three causes: the heat source
produced by wave propagation, heat conduction inside the tissue, and the heat exchanged with
the sample environment (by convection with ambient air and by contact with both the frame
and the transducer).

Figure 5 presents the temperature change maps for + =360 s for Configuration #2 and
for the three echography modes. The magnitude of temperature increase is globally greater
than for Configuration #1 at the same time (see Figure 4). The link between the data for the
two configurations will be discussed in the next section. In the measurement plane observed
with Configuration #2, the highest temperature changes in the sample are located close to the
transducer, which can be explained by heat transfer through contact. Heat tunnels similar to
those observed for Configuration #1 are visible, although they are more difficult to visualize
(dark blue).

It is worth noting that such features can only be observed and quantified thanks to a

full-field thermal measurement technique.

Analysis of the temperature time variation

Figure 6 shows the temperature change as a function of time at two points A and B, for
Configurations #1 and #2 respectively, for the three echography modes. The locations of these
points were chosen because they correspond to the most intense heating zones. The vertical
dashed lines correspond to the end of transducer activation, i.e. at time ¢ = 360 s. Several
comments can be made with respect to this figure:

* SWE generates greater temperature changes for both configurations. PD causes a
larger increase in temperature than B-mode. This result is in agreement with previous

studies, see Ref. (Miloro et al. 2017) for instance. The difference in noise level

12
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between Configurations #1 or #2 might be explained by the small movements of the
physical points observed by the IR camera at the specimen surface. Such movements
can potentially be due to oscillations caused by mechanical waves. The noise level
would thus depend on the orientation of the surface observed (Configurations #1 or
#2) with respect to the wave plane;

for Configuration #2, the temperature clearly still increases for several tens of seconds
after halting the ultrasonic excitation (Fig. 6-b). This phenomenon can be explained by
the fact that heat is still transferred from the “hot” transducer. This confirms that, in
addition to remote heating, heat conduction is also involved;

as indicated in the ‘“Materials and methods” section, Configurations #1 and #2 were
initially considered as complementary, to obtain two perpendicular slices of the tri-
dimensional temperature field in the bulk. This approach appears to be reasonable
when comparing Figures 6-a and 7. The latter presents the temperature change as a
function of time for another point (named C) in Configuration #2. This point is at the
same location with respect to the transducer as point A in Configuration #1: see the
schematic view at the top of Figure 7. At time t = 360s for the B-mode, the
temperature increase is nearly equal to 0.3°C for both Configurations #1 and #2
(compare the green curves in Figures 6-a and 7), thus validating the approach.
Similarly, the temperature increase for PD at r = 360 s is nearly equal to 0.4°C for both
configurations (compare the blue curves in Figures 6-a and 7);

a specific remark can be made concerning the SWE mode. At r = 360 s, the
temperature change is nearly equal to 1.17°C for both configurations (compare the red
curves in Figures 6-a and 7), but the temperature continues to increase in
Configuration #2 after ¢ = 360 s, reaching 1.56°C. This difference between the two

curves can be explained by the fact that points A and C are not exactly equivalent. For
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instance, it can be noted that the hatched zone in Configuration #2 is not present in
Configuration #1 (Fig. 7). This effect of thermal inertia is also visible in Figure 7 for
both PD and B-mode, even if it is less pronounced than for SWE. The delay before
starting the return to ambient temperature can be explained by a competition between
heat loss by convection with the ambient air and heat absorption by contact with the

transducer. The latter is hotter than the tissue, and thus transfers heat to it.

Finally, Figures 8, 9 and 10 provide the temperature change as a function of time for the B-
mode, PD and SWE respectively, at various points and for both configurations. The location
of these points is reported in Figure 8-a for Configuration #1 and in Figure 8-b for
Configuration #2. Point P1 corresponds to point A in Figure 6-a (Configuration #1), while
Point P8 corresponds to point B in Figure 6-b (Configuration #2). An additional point (PO)
was directly placed on the transducer in Configuration #2, enabling us to capture the highest
temperature change in the thermal scene. It can be observed that, at the end of the ultrasonic
excitation (at ¢ = 360 s), the temperature of the transducer reaches 0.95°C for the B-mode and
PD, and 1.95°C for SWE. Close to the transducer, heat conduction by contact is not
negligible. Note that the noise in the curves in Figures 8-a (B-mode in Configuration #1) and
9-a (PD in Configuration #1) appears to be greater than in the other curves, merely because of
the scale used for the y-axis. As already noted above, B-mode and PD are less calorific than

SWE.

DISCUSSION

Elastography, including SWE, is commonly used in various clinical applications (Cosgrove et

al. 2012; Guibal et al. 2016). Potential indications of SWE in fetal and uterine imaging during
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pregnancy are cervix examination (Fruscalzo et al. 2016), and more importantly the
monitoring of fetal development. Recently, SWE was used to explore the fetal brain (Diguisto
et al. 2017) and lung (Mottet et al. 2017). In these studies, the authors considered that the
benefit-to-risk ratio of this technique was favorable. However, a recent review was unable to
demonstrate the safety of SWE regarding the fetus (Issaoui et al. 2018). Palmeri and
Nightingale (2004), Nitta et al. (2001) and Bouchard et al. (2009) studied the temperature rise
created by ARF in soft tissue (porcine muscle) by using thermocouples (Palmeri et
Nightingale 2004; Bouchard et al. 2009; Nitta et al. 2015). Skurczynski et al. (2009) analyzed
the temperature increase and the cavitation effect by performing focused diagnostic
ultrasound: they reported a potential heating risk during elasticity measurement by ARF when
a bone is present (Skurczynski et al. 2009). The effect of temperature rise potentially leading
to the teratogenesis of developing tissues was evidenced in vivo in animal models. This effect
is documented in Refs (Hinoue et al. 2001; Church and Miller 2007; Abramowicz et al. 2008;
Shankar and Pagel 2011b). Abnormalities include growth retardation, microencephaly,
cataract, and other malformations (Ziskin and Morrissey 2011). Some in vivo experiments
have also shown that the threshold temperature increase for teratogenic effects induced by
hyperthermia is estimated at 1.5°C for an exposure of 5 min (Abramowicz 2002; Abramowicz
et al. 2008). A major problem with formulating hypotheses from animal data is that in vivo
effects of hyperthermia seen in animals result from exposure situations that would never be
encountered by the human embryo or fetus during ultrasound examination. However, a review
of the literature by Marinac-Dabic et al. (2002) identified the epidemiologic studies focusing
on human exposure to diagnostic ultrasound during pregnancy and the potential associations
between in utero ultrasound exposure and growth restriction, delayed speech, dyslexia and
non-right-handedness. The authors concluded that there was no association between in utero

exposure to ultrasound and either growth restriction or delayed speech. There are,
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nonetheless, some questions about non-right-handedness after frequent exposure to Doppler
ultrasound. However, no definitive conclusions can yet be drawn. To date no study has
specifically looked at the effects of SWE.

In this context, developing experimental techniques to measure the temperature rise in
biological tissue caused by ultrasound is of prime interest. Thermocouples placed inside the
tissue are classically employed and have proved to be efficient. The present study shows that
IR thermography could be a complementary experimental approach. This technique provides
temperature maps without contact with the tissue, thus avoiding the potential artefacts that
thermocouples may cause. Indeed, since ARF creates a matter displacement, it is difficult to
know to what extent a thermocouple will generate a secondary ultrasound source (thus
creating a secondary heat source).

A limitation of our study is that it was performed on samples containing only soft
tissues: our samples did not contain bone parts. Many other studies have shown that the
thermo-sensitivity of bone is much higher than that of soft tissues (Skurczynski et al. 2009;
Nitta et al. 2015; Tabaru et al. 2012). In fact, a fetus is composed principally of soft tissues
but also of bones. For obvious ethical reasons however, it was impossible to perform these
tests on fetal tissues. Further studies should be performed on phantoms containing soft tissues
and bones.

The strength of the present test procedure is that precautions were taken to avoid
potential misinterpretation of the results: a waiting time before starting any new test from an
initial thermal steady state, the subtraction of parasitic effects thanks to a reference sample,
and noise reduction. It can be noted that, as usual for full-field measurement techniques, huge
amounts of data were recorded (videos of several hundreds of megabytes for each test) and
processed. After preliminary tests, the experiments were repeated twice in order to check that

the results were similar. Let us recall that the objective of the study was not to perform a
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statistical analysis of the results, but to demonstrate the relevance of IR thermography as an
experimental tool for the study of temperature increases due to ultrasound use.

Some final comments can be advanced about the material used for the test. Porcine
muscle was chosen because it has well-characterized acoustic and thermal properties, similar
to those reported for clinically relevant human soft tissues (Liang et al. 1991). There are
problems in relating laboratory animal studies to humans. We cannot extrapolate to humans
the results of studies performed on animals, or even from one animal species to another,

because differences in the results and conclusions may be due to strain differences.

CONCLUSION

SWE is a recent diagnostic ultrasound modality offering the possibility of a quantitative
assessment of tissue elasticity. It may have numerous potential applications in obstetric and
fetal imaging. The present study demonstrated the benefit of using surface temperature maps
captured by an IR camera for the analysis of heterogeneous heating caused by ultrasound. The
temperature rise in SWE mode appeared to be much higher compared to the other two modes
under study (B-mode and PD), as has already been indicated in thermocouple-based studies.
The IR thermography technique, in parallel with the thermocouple approach, could
advantageously be employed to study the safety of SWE in obstetrics. Tests on samples
containing both soft tissues and bones are also a perspective of this study. Finally, future
works could also concern the coupling of IR thermography with thermocouples placed inside
a phantom imitating biological tissue, in order to potentially reconstruct the variations in the

entire three-dimensional temperature field accompanying ultrasound.
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Figure captions list

Fig. 1 Experimental setup: a) two tested configurations, b) schematic views of Configuration

#1, ¢) photographs of the experiment involving a curved transducer.

Fig. 2. Illustration of the benefit of using the reference sample. Data correspond here to a test

performed in Configuration #1 for B-mode.

Fig. 3. Maps of temperature change at r =80 s for Configuration #1: a) B-mode, b) PD,
¢) SWE. The color scale is the same as in Figs. 4-a and -b for comparison purposes.

d) Snapshots of the central zone with suitable color scales.

Fig. 4. Maps of temperature change at r = 360 s for Configuration #1: a) B-mode, b) PD,
¢) SWE.

Fig. 5. Maps of temperature change at r = 360 s for Configuration #2: a) B-mode, b) PD,
¢) SWE.

Fig. 6. Temperature change at points A and B for a) Configuration #1 and b) Configuration

#2, respectively. The vertical dashed lines correspond to the end of transducer activation.

Fig. 7. Temperature change at point C for Configuration #2, for comparison purposes with
point A in Configuration #1 (compare with in Fig. 6-a). The vertical dashed line corresponds
to the end of transducer activation. The hatched area corresponds to the part of the sample

which is not present in Configuration #1.

Fig. 8. B-mode: a) temperature change as a function of time in Configuration #1, b) same in

Configuration #2. The vertical dashed lines correspond to the end of transducer activation.

Fig. 9 Temperature change as a function of time for the Pulse-Doppler mode: a) in
Configuration #1, b) in Configuration #2. Location of the points is the same as in Figs. 8-a

and -b. The vertical dashed lines correspond to the end of transducer activation

Fig. 10 Temperature change as a function of time for the SWE mode: a) in Configuration #1,
b) in Configuration #2. Location of the points is the same as in Figs. 8-a and -b. The vertical

dashed lines correspond to the end of transducer activation
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Table 1. Parameters for the three ultrasound modes used.

Parameters (OB-GYN B-mode PD SWE Comment
GenOB preset)
Total depth 70 mm 22 mm 70 mm
B-mode focal zone 10 - 25 mm 22 mm 25 -40 mm
Tissuetuner 1540 m/s 1540 m/s 1540 m/s Speed of sound used to transmit
and receive beamforming
SWE Opt (Res, Std, Pen) N/A N/A Standard Optimization of elastography
resolution and penetration
SWE box geometry N/A N/A Top width: 43.9 mm
Bottom width: 63.2 mm
Height: 30.8 mm
Top depth: 6.7 mm
MI 1.2 1 1.5 Mechanical Index
TIb 0 0 1.6 Thermal Index bone
TIs 0 0 1.4 Thermal Index soft tissue
Ispta <720 mW/cm? <720 mW/cm? <720 mW/cm? Spatial-peak temporal-average

intensity






