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Abstract

Elasticity imaging has shown great promise in detecting High Intensity Focused Ultrasound

(HIFU) lesions based on their distinct biomechanical properties. However, quantitative

mechanical properties of the tissue and the optimal intensity for obtaining the best contrast

parameters remain scarce. In this study, fresh canine livers were ablated using combinations of

ISPTA intensities of 5.55, 7.16 and 9.07 kW/cm2 and time durations of 10 and 30 s ex vivo; leading

to six groups of ablated tissues. Biopsy samples were then interrogated using dynamic shear

mechanical testing within the range of 0.1-10 Hz to characterize the post-ablation tissue

viscoelastic properties. All mechanical parameters were found to be frequency dependent.

Compared to the unablated cases, all six groups of ablated tissues showed statistically-significant

higher complex shear modulus and shear viscosity. However, among the ablated groups, both

complex shear modulus and shear viscosity were found to monotonically increase in groups 1-4

(5.55 kW/cm2 for 10 s, 7.16 kW/cm2 for 10 s, 9.07 kW/cm2 & 10 s, and 5.55 kW/cm2 & 30 s,

respectively), but decrease in groups 5 and 6 (7.16 kW/cm2 for 30 s, and 9.07 kW/cm2 for 30 s,

respectively). For groups 5 and 6, the temperature was expected to exceed the boiling point, and

therefore, the decreased stiffening could be due to the compromised integrity of the tissue

microstructure. Future studies are needed to estimate the tissue mechanical properties in vivo and

perform real-time monitoring of tissue alterations during ablation.
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Introduction

The mechanical properties of soft tissues have been shown to change under pathological

conditions (Anderson 1957; Krouskop et al. 1998; Blacher et al. 2001; Marra et al. 2006;

Weinberg et al. 2010; Shahmirzadi and Konofagou 2012). In particular, liver stiffness has

been shown to change during various liver pathologies and has been used as a diagnosis

marker (Mueller and Sandrin 2010; Godfrey et al. 2013; Venkatesh et al. 2013).

Elasticity imaging denotes the field of mapping tissue mechanical response in situ under

either external perturbation such as static elastography (Ophir et al. 1991), dynamic

elastography (Parker et al. 1990; Shi et al. 1999), and Magnetic Resonance Elastography

(MRE) (Muthupillai et al. 1995; Kruse et al. 2000; Godfrey et al. 2013); or internal

perturbation such as vibroacoustography (Fatemi and Greenleaf 1998), shear wave imaging

(Sarvazyan et al. 1998; Bercoff et al. 2004; Sapin de Brosses et al. 2010; Sapin de Brosses et

al. 2011; Wang et al. 2012; Frulio and Trillaud 2013), and Acoustic Radiation Force Impulse

(ARFI) elasticity imaging (Nightingale et al. 2001). Studies have shown the feasibility of

using elasticity imaging techniques to quantify elastic properties of various soft tissues

(Meunier et al. 1988; Cespedes et al. 1993; Emelianov et al. 1995; Kallel et al. 1999a;

Bercoff et al. 2003; Alizad et al. 2005; Zhang et al. 2008; Couade and al. 2010; Damianou et

al. 2010; Granke et al. 2011; Shahmirzadi et al. 2012; Wang et al. 2012). Particularly,

different elasticity imaging techniques have been used for measuring mechanical properties

of liver in healthy and pathological condition, aiming to improve the non-invasive diagnosis

of liver diseases (Frizzell et al. 1977; Ter Haar et al. 1991a; Sandrin et al. 2003; Antolin et

al. 2009; Damianou et al. 2010; Frulio and Trillaud 2013).

High-Intensity Focused Ultrasound (HIFU) has shown over the past decade to be a

potentially promising non-invasive therapeutic method (Vallancien et al. 1992; Wu et al.

1999; Li et al. 2004; Wu et al. 2005a; Wu et al. 2005b). An emerging application for

ultrasound–based elasticity imaging techniques has been the assessment and monitoring of

change in tissue mechanical properties during HIFU procedure (Fry et al. 1954; Basauri and

Lele 1962; Warwick and Pond 1968; Kallel et al. 1999b; Righetti et al. 1999; Wu et al.

2001; Souchon et al. 2005; Chenot et al. 2010; Arnal et al. 2011; Thittai et al. 2011).

Harmonic Motion Imaging for Focused Ultrasound (HMIFU) is a radiation-force-based

HIFU treatment monitoring technique with feasibility shown in silico, in vitro, ex vivo, and

in vivo (Maleke et al. 2005; Maleke and Konofagou 2008; Maleke and Konofagou 2009;

Hou et al. 2010; Hou et al. 2011; Hou et al. 2012a; Hou et al. 2012b). In HMIFU, a focused

transducer is used to induce focal ablation while a confocal pulse-echo transducer is

simultaneously used to image the tissue and estimate the Harmonic Motion Imaging (HMI)

displacements and phase shift, which aim to monitor and assess the lesion-to-medium

contrast. Preliminary studies have been carried out to estimate the mechanical properties of

materials using numerical and phantom HMI studies (Vappou et al. 2009; Vappou et al.

2013). In order to further enhance the HMI monitoring and assessment capabilities,

independent characterization of the change in the tissue viscoelastic properties under HIFU

ablation is warranted. Soft tissue mechanical properties have been found to usually undergo

a (reversible) softening under increasing temperature, followed by a (irreversible) stiffening

beyond certain temperatures (Wu et al. 2001; Maleke and Konofagou 2008; Sapin de
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Brosses et al. 2010). Few studies have also compared the results of elasticity imaging of

HIFU-induced thermal lesions to those from conventional mechanical testing and have

reported a lesion stiffness contrast ranging between four to twelve times compared to

unablated tissue (Righetti et al. 1999; Shi et al. 1999; Wu et al. 2001; Hou et al. 2011).

Nevertheless, a very limited amount of literature exists on the tissue mechanical properties

under high ablation powers.

Obtaining the viscoelastic properties of the ablated tissues has been suggested to provide

more comprehensive measures and to carry more potential for efficient treatment

monitoring. Dynamic elastometry has been used to obtain the elastic properties of porcine

liver tissue under HIFU ablation and resulted in 26 % underestimation of the Young's

modulus as measured by mechanical testing (Shi et al. 1999). More recently, the results of

transient elastography in characterizing the porcine liver shear modulus in vivo have been

found to be in good agreement with those of dynamic shear testing ex vivo (Chatelin et al.

2011). Gao et al. have performed shear, compression and tensile mechanical testing on

porcine livers ex vivo and used the experimental data to develop energy-based constitutive

models of liver tissue (Gao et al. 2010). An advanced shear rheometry instrument has been

used to measure the shear and loss moduli of bovine liver ex vivo under a high frequency

range of 25-62.5 Hz, and have been compared against those obtained on human liver using

MRE in vivo (Klatt et al. 2010). Brunon et al. has tested the failure of porcine and post-

mortem human livers using tensile testing ex vivo (Brunon et al. 2010). Kiss et. al. used

compressive Dynamic Mechanical Analysis (DMA) of canine and porcine liver tissues and

showed that both the magnitude and phase shift of the tissue complex modulus rose

monotonically as the loading frequency increases (Kiss et al. 2009). The same study has

shown that the magnitude and phase shift of the complex modulus also increase with

temperature up to around 75°C and decreases afterward up to the reported temperature of

90°C; explained likely due to gelation of collagen (Kiss et al. 2009).

In the present study, we investigated the effects of HIFU ablation on the viscoelastic

properties of freshly excised canine liver specimens. Given the stochastic nature of boiling

effects on tissue properties, we expect that the mechanical and structural changes in ablated

liver tissues are different within the ranges of intensities and time periods used in this study.

Having quantified knowledge of such changes can be helpful in targeting different levels of

ablation that best fits the purpose of the HIFU application.

Materials and Methods

Sample Preparation

Six canine liver specimens were freshly excised immediately after sacrifice and kept

immersed in degassed PBS throughout the experiments ex vivo. The experiments on each

liver were completed within 2-3 hours post-mortem. All procedures were approved by the

Institutional Animal Care and Use Committee (IACUC) at Columbia University.
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HIFU Ablation

Figure 1 illustrates the schematics of the HIFU experimental set up. The samples were

placed over an acoustic absorber submerged in degassed PBS bath. A customized Focused

Ultrasound (FUS) system (Riverside Research Institute, NY) was used in this study to induce

HIFU lesions in the liver samples. The HIFU transducer was a custom made PZT probe with

center frequency at 4.755 MHz. The focusing depth was 9.5 cm and the focal spot size on the

-6 dB transmit beam was 5×0.4 mm2. The transducer was driven by an amplitude-modulated

CW waveform sequence generated by a set of two function generators (Agilent 33120A &

33220A). The first one produces a carrier frequency of 4.755 MHz, and the second one

modulates the first externally to produce a signal modulation frequency of 25 Hz (leading to

a frequency of 50 Hz on intensity/force waveform). The amplitude modulation was

necessary in order to induce the oscillatory motion within the frequency range that allows

the tissue to enter steady-state oscillations that can be measured by HMI. In order to provide

a sufficiently large and homogenously ablated region for subsequent extraction of

mechanical testing samples, a raster scan was performed on a grid of 7×7 to 9×9 points in

order to generate a conglomerate set of thermal lesions spanning across an area varying

between 1.5×1.5 cm2 and 2.5×2.5 cm2, respectively, depending on the various ablation

power intensities and time periods. The raster scan was performed using a MATLAB-

programmed, 3-D translational positioning system (Velmex Inc., Lachine, QC, Canada). The

entire assembly of HIFU and imaging transducers was being moved together during the

raster scan. The confocally-aligned, 7.5-MHz pulse-echo imaging transducer (V320-SU-

PTF, Olympus NDT, MA) was used to acquire RF signals for displacement estimation with

HMI. A portion of each liver was examined unablated as the control group, group 0, and the

rest were ablated under different ablation intensities and time durations, forming ablated

groups 1-6. A summary of ablation parameters in each group is provided in Table 1. In situ

intensity ISPTA was extrapolated based on hydrophone measurements in the water tank on

the same transducer at a lower intensity range; with consideration of canine liver tissue

attenuation of -0.75 dB/cm (Hou et al. 2011).

Rheometry Mechanical Testing

After completion of the ablation, both unablated and ablated tissues were sectioned for

mechanical testing using shear rheometry (ARES-G2, TA Instrument, DE, USA). A 6 mm

biopsy punch was used to extract a total of forty-four (n=44) cylindrical samples of height

h=4.68±0.39 mm and diameter d=5.69±0.37 mm from the unablated tissues in group 0

(n=13) as well as ablated tissues in group 1 (n=4), group 2 (n=4), group 3 (n=7), group 4

(n=8), group 5 (n=8) and group 6 (n=8). First, a 5% compressional strain was applied on the

samples to increase the shear surface grip between the tissue-fixture interfaces. The

oscillatory shear test was performed by applying a periodic shear strain, γ(t), as follows:

(1)

where γ0 is the magnitude of the shear strain, t is time, and ω and f are the radial and linear

frequency, respectively; and measuring the resultant shear stress, τ(t), in the form of:
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(2)

where τ0 is the magnitude of the shear stress and δ is the phase shift between stress and

strain. The applied shear strain was set at γ0 = 0.01 within a sweeping frequency range of f

= 0.1 – 10 Hz. The strain and stress magnitudes were used to calculate the complex shear

modulus, G*, as follows:

(3)

The complex shear modulus and phase shift were also used to compute the shear loss

(viscous) modulus, G″, and storage (elastic) modulus, G′, as follows, respectively:

(4)

(5)

Additionally, the ratio of the viscosity to elasticity as represented by tanδ, and the dynamic

shear viscosity coefficient, η″, were calculated as follows, respectively:

(6)

(7)

Statistical Significance

All 8 animals used in the study were from the same breed, age/weight range and diet, and

therefore were safely assumed to be from the same population. A Student's (unpaired) t-test

analysis was performed to obtain the significance of inter-group difference in the

experimental data. Given the HMI frequency of 50 Hz, the mechanical measurements at 10

Hz were found to be the most relevant and were considered for statistical analysis. The

significance was computed both between the unablated group and each of the ablated

groups, i.e. groups 0&1, 0&2, … 0&5 and 0&6, as well as between each of the consecutive

ablated groups, i.e. groups 1&2, 2&3, …, 4&5 and 5&6. Inter-group difference with

significance p<0.05 and p<0.001 are marked with * and **, respectively.

Results

Figure 2 shows an example of a gross pathology image of a conglomerate group of lesions

forming a large inclusion inside a liver specimen using raster HIFU ablation. Figures 3-5

indicate the rheometry measurements on shear complex modulus, G*, tangent of the phase
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shift, tanδ, and the viscosity coefficient, η″, respectively, for the unablated tissue, group 0,

and the ablated tissues, groups 1-6, as a function of shear strain frequency, f (logarithmic

scale). All three parameters were found to be frequency–dependent; a direct relationship for

the shear modulus, similar to the data reported elsewhere (Kiss et al. 2009), and an inverse

relationship for the shear viscosity coefficient. Table 2 summarizes the relative changes in

the mechanical parameters of the ablated tissues, normalized to the unablated tissue,

averaged over the entire frequency range.

Shear complex modulus for all ablated tissues was found approximately an order of

magnitude higher than that of the unablated tissue, group 0, i.e. average of 5.77, 9.83, 19.98,

23.09, 13.66 and 14.06 times for groups 1-6, respectively (Table 2); showing higher

stiffening in ablated samples in groups 1-4. The measurements from all ablated groups were

found to be statistically different from those from unablated group; however, between the

ablated groups, only groups 2 and 3 showed significant difference (Fig. 3). The tangent of

the phase shift in all ablated tissues was significantly higher than those in the unablated

cases. In contrast, the changes in the same variable were insignificant among the ablated

groups (Fig. 4). Similar to shear complex modulus, the dynamic shear viscosity coefficient

of ablated tissues was also found significantly higher than that of the unablated group (Fig.

5), i.e. average of 8.19, 12.98, 25.49, 30.14, 16.95 and 19.02 times for groups 1-6,

respectively (Table 2).

In order to compare the relative contributions of tissue viscosity and elasticity components

to the overall tissue viscoelastic behavior, the shear loss (viscous) modulus and storage

(elastic) modulus of the unablated and all ablated tissues are plotted against each other along

the frequency as the azimuth axis (Fig. 6-A); with its projection on the storage–loss moduli

plane shown in Fig. 6-B. The dashed line in the Fig. 6-B indicates the border on which the

loss and storage moduli are equal. The overall viscoelastic behavior of both the unablated

and all ablated tissues is dominated by the elastic component rather than the viscous

component.

The mechanical testing measurements at 10 Hz are on the same order of magnitude as the

typical HMI application at 50 Hz. Figure 7 shows the change in the shear modulus, tangent

of the phase shift and shear viscosity of the tissue samples at 10 Hz only. The results show

that the changes in the parameters are different depending on the range of intensity and time.

For instance, under the lower intensities of 5.55 and 7.16 kW/cm2, the shear modulus

increases with duration from 10 to 30 s; however, at the higher intensity of 9.07 kW/cm2, the

shear modulus decreases with duration from 10 to 30 s (Fig. 7-A). Interpreting the same data

with treatment duration as an independent variable, it was found that for shorter ablation

duration of 10 s, the shear modulus increases with intensities of 5.55, 7.16 and 9.07 kW/cm2;

however, at the longer duration of 30 s, the modulus decreases with intensity (Fig. 7-A).

Discussion

The changes in the tissue mechanical properties during pathological conditions have been

the basis for various diagnostic techniques. Recent improvements in elastography have made

it a promising technique for noninvasive estimation of the tissue focal mechanical properties
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in situ. Using very high HIFU intensities over long periods of time has shown to be

potentially relevant in ablating the tumorous lesions in the tissues in order to achieve a full

tumor treatment (Ter Haar et al. 1991b). Due to variations in structural and mechanical

changes in soft tissues with temperature, the possibility of thermal necrosis by heating, and

tissue emulsification by cavitation or by use of repetitive millisecond shock wave-based

boiling have all been recently discussed (Khokhlova et al. 2011). Within a low temperature

range, i.e. 42-46 °C, only apoptosis has been shown to occur (Badini et al. 2003), however,

much higher temperature increase have shown to replace natural apoptosis by forced

necrosis where severely damaged cells permeate into the tissue extracellular matrix (Samali

et al. 1999; Kiss et al. 2009). Shear elasticity imaging of porcine liver during histotripsy ex

vivo has shown the Young's modulus to linearly correlate with the number of structurally-

intact cell nuclei (Wang et al. 2012). In order to further enhance the monitoring and

assessment capabilities of the elasticity imaging-based techniques, independent estimations

of the change in tissue viscoelastic properties are very helpful. The mechanical properties of

ablated lesions, particularly under high energies, have remained largely understudied.

This study aims at characterizing the effects of HIFU ablation intensity and time period on

the viscoelastic properties of the canine liver tissues. Shear rheometry measurements were

made on tissues ablated under HIFU intensities of 5.55, 7.16 and 9.07 kW/cm2, over time

periods of 10 and 30 s. An average complex shear modulus of about 3 kPa was measured in

unablated liver tissues –consistent with measurements reported elsewhere (Kruse et al. 2000;

Kiss et al. 2009).

Shear complex modulus for ablated tissues in groups 1-6 was found to be 5.77, 9.83, 19.98,

23.09, 13.66 and 14.06 times higher than the unablated tissues, group 0, respectively (Table

2), which shows that a monotonic increase in ablation intensity and/or time period does not

correspond to a monotonic increase in the tissue modulus. A similar trend has previously

been reported in porcine liver tissue ablated using boiling (Kiss et al. 2009). That study

indicated an increase of up to 6-11 times in the complex modulus as the temperature rises

from 40 °C to about 75 °C, beyond which it decreased about 10-20 % up to the tested

temperature of about 90 °C. A similar trend was also found for the change in viscosity

coefficients of the ablated tissues as a function of HIFU intensity and time; groups 1-6 were

found to have viscosities to be 8.19, 12.98, 25.49, 30.14, 16.95 and 19.02 times higher than

thaoe of unablated tissues, respectively (Table 2). These findings could be explained based

on the fact that unlike in thermal ablation at lower energies, which causes cell shrinkage and

stiffening of thermally–coagulated tissue (Wiederhorn and Reardon 1952; McGee 1984),

increasing ablation energies may induce tissue emulsification, as a result of which the tissue

strength is reduced due to compromised structural integrity of gelated collagen (Kiss et al.

2009).

An alternative parameter to ablation energy or power in controlling tissue damage is to

estimate the thermal dose applied during the ablation (Sapin de Brosses et al. 2011). Due to

the limitation in the current experimental set up in making temperature measurements during

HIFU, thermal dose could not be obtained. Inserting thermocouple at the focal zone inside

the tissue induces artifacts in our study, mostly because of large absorption, which requires

generation of homogenous ablated legion. However, using a T-type bare wire thermocouple
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with diameter of 25 μm (Omega Inc., Stamford, CT) described in more details elsewhere

(Wang et al. 2011), our findings from another study on temperature monitoring on the same

canine liver tissue under same range of HIFU intensities and time periods have confirmed

the temperature in group 4 reaching the boiling point (Hou et al. 2013). No measurements

were able to be made in groups 5 and 6 –due to the thermocouple limitation in measuring

temperatures beyond boiling; however, strong damage to tissue microstructure is expected to

take place.

All viscoelastic behaviors were found to be frequency dependent: direct relationship for

shear modulus, and inverse relationship for viscosity coefficient (Figs. 3-6). Applying shear

strain under frequencies higher than 10 Hz was not possible due to mechanical limitations of

the rheometry system. Given the range of HMI frequency to be higher, e.g. 50 Hz (Hou et al.

2011; Hou et al. 2013) than what is examined in the rheometry testing here, the mechanical

measurements made at 10 Hz, i.e. closest to the HMI frequency, were particularly used in

obtaining the contrast plots (Fig. 7). The tangent of the phase shift was the least sensitive

parameter for monitoring the change in tissue properties under ablation (Fig. 7-B), whereas

the shear modulus and viscosity may found to be more relevant parameters for such

purposes (Figs. 7-A & 7-C). More importantly, the results in Fig. 7 indicated that the

changes in mechanical properties of the ablated tissues depend on both intensity and time

period of the HIFU application. For example, Fig. 7-A showed that under the lower

intensities of 5.55 and 7.16 kW/cm2, the shear modulus increased for longer time periods of

30 s, compared to 10 s. However, at the higher intensity of 9.07 kW/cm2, decrease in the

shear modulus was found by increasing the ablation time period from 10 to 30 s.

Alternatively, the shear modulus was found to increase with intensity in the shortest ablation

duration case. However, for the longer treatment duration of 30 s, the shear modulus was

found to decrease with intensity.

The HMIFU has been demonstrated by our group to be capable of detecting lesions based on

the lesion-to-background displacement contrast (Hou et al. 2012a; Hou et al. 2013).

However, the comparison of the modulus contrast between the present study and the

HMIFU study requires obtaining the focal radiation force as it could vary given the change

in tissue acoustic properties, such as attenuation, as a function of depth and temperature

(Gertner et al. 1997; Techavipoo et al. 2002). In particular, focal increase in lesion

attenuation can occur (Shi et al. 1999) because of boiling and thermal effects, resulting in an

increase in radiation force and induced displacement (Hou et al. 2013). The dominant factor

of attenuation in soft tissues is known to be absorption, and therefore the HMI displacements

here are primarily generated by the acoustic radiation force, corresponding to the absorption

of HIFU energy at the focal spot.

The relatively large standard deviations in the liver tissue property measurements could be

associated with the large variations inherent to the liver tissues, particularly under strong

thermal effects which have been previously shown to induce changes of highly stochastic

and locally– variant nature (Xu et al. 2007; Khokhlova et al. 2011). Also, the inhomogeneity

of the lesions obtained by raster HIFU ablation has been shown to contribute to the

variations in the ablated tissue properties (Zhou 2013). Here, initial studies were carried out

to identify the suitable lesion size and location for each ablation intensity and time.
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Furthermore, the mechanical properties of the liver tissue have been shown to contribute to

the change during heating and cooling ex vivo, e.g. liver tissue stiffens during cooling (Sapin

de Brosses et al. 2010). Given the metabolic nature of liver tissues, it is expected that the

mechanical and structural properties of the samples postmortem not only varied across the

tissue samples, but was also different from the liver tissue in vivo. Nevertheless, ex vivo

findings on mechanical and structural properties of liver under healthy and pathological

conditions have widely been used to better understand the disease mechanisms and in vivo

findings (Brunon et al. 2010; Gao et al. 2010; Klatt et al. 2010; Chatelin et al. 2011; Huang

et al. 2011; DeWall et al. 2012). The primary objective of this study was to obtain the tissue

mechanical property contrast between the lesion and the background. Therefore, the ex vivo

testing was indeed found helpful in increasing the repeatability of the mechanical testing

measurements by making the entire raster ablated lesion more thermally and mechanically

homogeneous. Inherent to the mechanical testing is the fact that the measurements are

highly dependent on factors such as sample size, shape and the boundary conditions (Chen

et al. 1996; Kallel et al. 1998; Shi et al. 1999). To minimize such confounding effects, all

specimens undergoing mechanical testing were prepared with the same shape and size and

were extracted from homogenously ablated regions of the lesion.

Conclusion

Independent estimation of mechanical properties of HIFU soft tissue lesions is warranted for

enhancement of the monitoring and treatment procedures. Currently, real-time

measurements of tissue modulus in situ during HIFU ablation might not be readily possible.

As an alternative, the present work described the characterization of viscoelastic properties

of canine liver tissues ex vivo following HIFU ablation under intensities of 5.55, 7.16 and

9.07 kW/cm2 and time periods of 10 and 30 s. The results showed an order of magnitude

increase in the stiffness (e.g. 6-23 times) and viscosity (e.g. 8-30 times) of all ablated

lesions. However, monotonic increase in ablation intensity and time period was found not to

correspond to monotonic increase in the lesion modulus and viscosity. The mechanical

properties were also found to be frequency-dependent within the interrogated range of

0.1-10 Hz. Furthermore, the contrast plots of the mechanical properties at 10 Hz –closest to

the typical HMI frequency 50 Hz– were provided and showed that the change in mechanical

parameters depends on both the ablation intensity and time. The findings in this study led to

the hypothesis that a multi-parametric assessment of frequency-dependent tissue properties

may prove more efficient in assessing tissue ablation, and potentially useful in future

improvements of the treatment monitoring.
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Figure 1.
Schematics of High Intensity Focused Ultrasound (HIFU) experimental set up used to induce conglomerate set of thermally-

ablated lesions; Adapted (Hou et al. 2011). The pulse-echo and therapeutic transducers were used for targeting (no image

acquisition) during raster scan and ablation, respectively.
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Figure 2.
(A) Image of a 15×15 mm2 inclusion composed of a group of thermally-ablated lesions obtained by raster HIFU ablation on

canine liver tissue ex vivo, (B) Representative biopsy samples from unablated and ablated canine liver tissues.
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Figure 3.
Complex shear modulus versus applied shear strain frequency (semi-log scale) for unablated, group 0, and ablated, groups 1-6,

canine liver tissue samples. The error bars (either upward or downward) indicate the standard deviations of multiple

measurements on different samples. Inter-group significant difference is indicated with * (p<0.05) and ** (p<0.001).
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Figure 4.
Tangent of the stress-strain phase shift versus applied shear strain frequency (semi-log scale) for unablated, group 0, and

ablated, groups 1-6, canine liver tissue samples. The error bars (either upward or downward) indicate the standard deviations of

multiple measurements on different samples. Inter-group significant difference is indicated with * (p<0.05) and ** (p<0.001).
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Figure 5.
Dynamic shear viscosity versus applied shear strain frequency (semi-log scale) for unablated, group 0, and ablated, groups 1-6,

canine liver tissue samples. The error bars (either upward or downward) indicate the standard deviations of multiple

measurements on different samples. Inter-group significant difference is indicated with * (p<0.05) and ** (p<0.001).
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Figure 6.
The storage (elastic) modulus against the loss (viscous) modulus for unablated, group 0, and ablated, groups 1-6, samples:

(A)3D plot with the frequency on the azimuth axis, (B)2D projection on the loss-storage plane marking the border line of the

equal elasticity-viscosity contributions. The upper-left of the line indicates the viscous-dominant zone, and the lower-right of the

line, where all the unablated and ablated tissues are located, indicates the elastic-dominant zone.
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Figure 7.
The contrast plot indicating the relative change in each of the tissue viscoelastic parameters versus HIFU in situ power and time:

(A)shear complex, (B)tangent of the phase shift, (C)shear viscosity coefficient.
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Table 1

Experimental HIFU intensity and time period for ablated groups 1-6 are provided. A set of unablated samples

was maintained as the control group, group 0.

Group Number In situ ISPTA

(kW/cm2)
In situ Acoustic Power

(W)
Time Duration

(s)

0 0 0 0

1 5.55 8 10

2 7.16 10 10

3 9.07 11 10

4 5.55 8 30

5 7.16 10 30

6 9.07 11 30
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