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Abstract

Passive cavitation imaging provides spatially resolved monitoring of cavitation emissions.
However the diffraction limit of a linear imaging array results in relatively poor range resolution.
Poor range resolution has limited prior analyses of the spatial specificity and sensitivity of passive
cavitation imaging for predicting thermal lesion formation. In this study, this limitation is
overcome by orienting a linear array orthogonal to the HIFU propagation direction and performing
passive imaging. Fourteen lesions were formed in ex vivo bovine liver samples as a result of 1.1
MHz continuous-wave ultrasound exposure. The lesions were classified as focal, “tadpole”, or
pre-focal based on their shape and location. Passive cavitation images were beam-formed from
emissions at the fundamental, harmonic, ultraharmonic, and inharmonic frequencies with an
established algorithm. Using the area under a receiver operator characteristic curve (AUROC),
fundamental, harmonic, and ultraharmonic emissions were shown to be significant predictors of
lesion formation for all lesion types. For both harmonic and ultraharmonic emissions, pre-focal
lesions were classified most successfully (AUROC values of 0.87 and 0.88, respectively),
followed by tadpole lesions (AUROC values of 0.77 and 0.64, respectively), and focal lesions
(AUROC values of 0.65 and 0.60, respectively).
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Introduction

The pace of development of clinical applications of high-intensity focused ultrasound
(HIFU) thermal ablation has increased over the last 10 years. Clinical trials with successful
outcomes have been reported in the treatment of cancer (Wu et al., 2004; Liberman et al.,
2009; Xu et al., 2011; Ng et al., 2011), neurological disorders (Jeanmonod et al., 2012; Elias
et al., 2013), and uterine fibroids (Voogt et al., 2012; Kim et al., 2012). Concurrent with
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these successes have been the development and implementation of methods for predicting
when and where a lesion has formed. The inability to monitor lesion formation remains a
limitation (Zhou, 2011). Currently, MRI thermometry and B-mode ultrasound are used
clinically to predict lesion formation (Aubry et al., 2013). MRI thermometry can accurately
and quantitatively determine the temperature rise from HIFU but necessitates the use of both
an expensive MRI system and MRI-compatible HIFU arrays (Tempany et al., 2003;
Chapman and ter Haar, 2007; Kohler et al., 2009). Additionally MRI thermometry in fatty
tissues is difficult due to the differing response of adipose and aqueous media to temperature
(Rieke and Butts Pauly, 2008; Merckel et al., 2013). With the growing obesity epidemic in
developed countries (Alwan, 2011), this current limitation may become more problematic.
B-mode ultrasound relies on feedback from boiling bubbles in tissue, which is an indicator
of overtreatment (Yu and Xu, 2008). Therefore alternate methods for image-guidance of
HIFU thermal ablation are desirable.

HIFU-induced acoustic cavitation accelerates tissue heating (Coussios et al., 2007). This
observation has motivated the use of cavitation detection as a means of monitoring HIFU
thermal ablation. One commonly used approach is single-element passive cavitation
detection. Passive cavitation detectors (PCDs) monitor cavitation emissions induced by a
separate therapy transducer. PCDs can be used to monitor the different types of cavitation,
which can result in mechanistically different forms of heating (Holt and Roy, 2005). Stable
cavitation, often characterized by harmonic emissions (i.e. multiples of the fundamental
insonation frequency) or ultraharmonic emissions (e.g. odd multiples of one-half the
fundamental insonation frequency), can cause viscous heating. Inertial cavitation can cause
heating via absorption of broadband emissions, which are observed by the PCD as energy in
the inharmonic frequency bands (i.e. bands that exclude the fundamental, harmonic, and
ultraharmonic frequencies).

Single-element PCDs are limited by the trade-off between spatial sensitivity and specificity.
A focused single-element transducer has a relatively small detection region over which it is
sensitive. Cavitation emissions that occur outside of the sensitive region will not be detected.
Thus, focused single-element PCDs exhibit good spatial specificity but poor spatial
sensitivity. Unfocused single-element PCDs suffer from the opposite limitation. The
detection region is relatively large, making them sensitive to a large spatial volume.
However, the precise origin of the detected cavitation emissions is unknown and thus
unfocused single-element PCDs exhibit poor spatial specificity. This limitation is
problematic because the HIFU pressure varies substantially as a function of location.
Similarly, large temperature gradients are observed in the ablated medium. Hence, the
concomitant bubble activity shows significant spatial variations.

Passive cavitation detection using ultrasound imaging arrays has been described as a means
of overcoming the limitations of single-element PCDs. Array-based PCDs allow cavitation
emissions recorded by individual elements of the array to be beamformed. This
beamforming enables spatial specificity and sensitivity. In many ways the advantages of
array-based PCDs over single-element PCDs is analogous to array-based B-mode ultrasound
imaging over single-element A-mode detection. Gydngy et al. (2008), Salgaonkar et al.
(2009), and Farny et al. (2009) all described similar timedomain approaches to forming

Ultrasound Med Biol. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haworth et al.

Page 3

passive cavitation images (alternatively referred to as passive acoustic maps). The
differences in their techniques derived in large part from the capabilities of the ultrasound
imaging array systems they employed. More recently Haworth et al. (2012) used a
Fourierdomain approach to demonstrate that the imaging resolution is determined by
diffraction and not the ultrasound pulse shape and duration.

Jensen et al. (2012) have reported on the use of passive cavitation images and B-mode
images to predict the formation of thermal lesions in ex vivo bovine liver. Passive cavitation
images were used to monitor cavitation energy (either broadband or harmonic) in a 10 mm x
10 mm window centered about the HIFU focus. The total energy was used to predict
whether a lesion formed. However, the location of the lesion within the window was not
determined. Jensen et al. (2012) found that at peak negative insonation pressures above 5.4
MPa passive cavitation imaging was superior to B-mode imaging for the rate of correctly
predicting whether a lesion was formed (an accuracy of 84% versus 53%), the proportion of
lesions that were correctly predicted (a sensitivity of 85% versus 48%), and the proportion
of negative predictions that were correct (a negative predictive value of 53% versus 24%).
These results support the feasibility of passive cavitation imaging for monitoring if a lesion
forms, but they do not address whether passive cavitation imaging can be used to resolve
where a lesion forms.

The objective of this study was to assess the ability of passive cavitation imaging to predict
HIFU thermal ablation lesion formation quantitatively. This objective was pursued using an
established passive cavitation imaging algorithm (Salgaonkar et al., 2009) and modifying the
transducer arrangement of Jensen et al. (2012). Passive cavitation images were compared to
optical images after exposure to HIFU. The ability to use passive cavitation imaging to
predict where a lesion formed was assessed using receiver operator characteristic (ROC)
curves. The sensitivity and specificity of predicting both the presence and spatial extent of
HIFU lesions were determined. This analysis is a crucial step toward the development of
cavitation-based non-invasive image-guided feedback for HIFU therapies.

Materials and Methods

Ablation procedure

The overall experimental setup can be seen in Fig. 1 and has been described in detail by
Salgaonkar (2009). As highlighted in previous studies, passive cavitation images obtained
with diagnostic linear arrays provide millimeter to sub-millimeter resolution in the azimuthal
direction, but significantly poorer resolution along the range direction (Salgaonkar et al.,
2009; Gyongy and Coussios, 2010; Haworth et al., 2012). Therefore an orthogonal
orientation between the HIFU therapy transducer and passive imaging array was
implemented. Although this geometry is not practical for some clinical applications due to
the available acoustic windows, the geometry allowed for good passive cavitation imaging
resolution along the axial length of the thermal ablation lesion. For the L7 linear array
(Ardent Sound, Mesa, AZ, USA) used in this study, the azimuthal and range resolutions
based on the diffraction pattern of the linear array at the center of the passive cavitation
images at 1.1 MHz were 1.5 mm and 9.7 mm, respectively (McGough, 2004; Chen and
McGough, 2008; Haworth et al., 2012). The azimuthal resolution enabled a quantitative
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spatial analysis of the ability of passive cavitation images to be used to predict where a
thermal ablation lesion was formed along the HIFU axis of propagation.

Fourteen ex vivo bovine liver samples obtained from a slaughterhouse were exposed to 1.1
MHz, focused, continuous-wave (CW) ultrasound at an acoustic power of 40 W for 30 s.
The exposure duration was longer than those typically used in HIFU ablation studies to
ensure ablative lesions were large enough for consistent optical detection as described
below. Similar prolonged exposures have been reported by McLaughlan et al. (2010). The
acoustic power output was calibrated with a radiation force balance. The HIFU transducer
(H-101, Sonic Concepts, Inc., Woodenville, WA, USA) was driven with a signal generator
(33220A, Agilent, Santa Clara, CA, USA) and a power amplifier (3100L, ENI, Bell
Electronics, Kent, WA, USA), through a custom impedance matching network (Sonic
Concepts, Inc., Woodenville, WA, USA). The HIFU source had a radius of 32 mm and was
spherically focused at 63 mm. The full-widths at half-maximum in the lateral and axial
directions for the HIFU transducer were calculated to be 1.9 mm and 11.8 mm, respectively
(Kelly and McGough, 2006; Chen and McGough, 2008; Kelly and McGough, 2009). The
HIFU focus was aligned approximately 15 mm inside the tissue sample. The liver sample
was held in an acrylic container with acoustically transparent Tegaderm (3M, St. Paul, MN,
USA) windows. The sample holder was placed in a tank of deionized, degassed water that
had a dissolved oxygen content below 25% of saturation relative to air at 1 atm of pressure
at 22 °C in air.

The nominal peak intensity, peak positive pressure, and peak negative pressure were
estimated using the Khokhlov-Zabolotskaya-Kuznetsov (KZK) equation (Soneson, 2011).
The estimated values were 2415 W/cm?2, 11.8 MPa, and 7.3 MPa, respectively. The water
path was modeled with a speed of sound of 1482 m/s, mass density of 1000 kg/m3,
attenuation at 1 MHz of 0.217 dB/m, frequency power law attenuation exponent of 2, and
nonlinear B/A parameter of 5. The liver was modeled with a speed of sound of 1595 m/s,
mass density of 1060 kg/m3, attenuation at 1 MHz of 50 dB/m, frequency power law
attenuation exponent of 1.2, and nonlinear B/A parameter of 6.6 (White et al., 1998).

Tissue handling

Fresh ex vivo bovine livers were used within 4 hours post mortem. During this time period,
tissue samples were immersed in ice-cold phosphate-buffered saline (PBS). Tissue samples
were not degased due to concerns that the negative pressure from vacuum may pull bubbles
out of solution, which could become entrapped in the relatively large liver sample, and that
degassing would increase the time between excision and ultrasound insonation, potentially
resulting in exacerbated tissue degradation. Before an experiment, a 6 x 6 x 10 cm? piece,
which included an intact capsule on one 6 x 10 cm? surface, was cut from the liver and
placed in the acrylic container with Tegaderm windows. A small amount of either degassed
water from the tank (~30 ml) or degassed phosphate-buffered saline was added to the
sample and the Tegaderm walls manipulated to remove any visible air pockets. No
differences in the tissue integrity were observed between using water or saline based on a
review of the scanned optical images described below. Furthermore, the surface of the liver
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sample, which came into contact with the water or saline, was not included in the analysis
described below.

The tissue sample was aligned using B-mode images such that the intact liver capsule
surface was aligned with the edge of the passive imaging array closest to the HIFU
transducer (Fig. 1). Following HIFU exposure, the tissue samples were placed in a rigid box
of the same dimensions to maintain the tissue shape and frozen overnight at —80 °C. The
frozen tissue samples were 2 mm thick and sliced parallel to the image plane and the HIFU
propagation direction. The sections were digitally photographed at 1500 pixels per inch with
a conventional flat-bed scanner (CanonScan 8800F, Canon, Lake Success, NY). Images
were analyzed using MATLAB (R2012b, The Mathworks Inc., Natick, USA).

The thermal lesions could be identified through gross tissue discoloration. The optical
images were converted to grayscale images. A binary image identifying normal or ablated
tissue was obtained using automatic segmentation based on a threshold grayscale value. The
threshold grayscale value was selected to minimize the difference in lesion areas computed
via automatic segmentation and manual segmentation (Mast et al., 2008) for a subset of
lesions. The ablated region was manually confirmed to avoid artifacts from tissue
inhomogeneities, such as blood vessels. The process employed was similar to the description
provided by Mast et al. (2008). The binary optical images of the lesions were dimensionally
reduced by projecting along the range dimension of a passive imaging array to create a one-
dimensional line plot of the azimuthal extent of the lesion (Figs. 2C and 2D).

Prior to dimensional reduction, lesions were categorized as focal, tadpole, or pre-focal based
on their shape and location. The tissue was divided into three regions relative to the HIFU
therapy range direction. The focal zone was defined as the axial extent within =3 dB of the
maximum focal pressure of the therapy transducer. Regions distal to the focus (relative to
the therapy transducer) were defined as post-focal and regions proximal were defined as pre-
focal. Focal and tadpole lesions were categorized using common HIFU ablation
nomenclature (Watkin et al., 1996; Khokhlova et al., 2006; Farny et al., 2009). Focal lesions
had a traditional “cigar” shape and were located near the focus of the HIFU therapy
transducer, sometimes extending into the post-focal zone but not into the pre-focal zone.
Tadpole lesions were defined by their shape, which was narrowest distal to the HIFU
transducer and widest proximal to the HIFU transducer. The tadpole lesions always occurred
in the focal zone, but sometimes extended into either the pre-focal or post-focal zones. Pre-
focal lesions were located entirely in the pre-focal region.

Cavitation measurements and processing

A 192 element linear array, with a 7.5 MHz nominal center frequency, controlled by the
manufacturer’s software installed on an Iris 2 ultrasound imaging system (Ardent Sound,
Mesa, AZ, USA) was used to capture B-mode and passive cavitation images. The azimuthal
and range directions are described in Fig. 1. The surface of the array was defined as a range
of 0 mm. The center of the imaging array was define as an azimuth of 0 mm, with the
positive direction being the edge of the passive imaging array closest to the HIFU
transducer. The HIFU focus was 25-35 mm from the face of the imaging array and at +6
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mm azimuthally. B-mode images were captured before and after HIFU insonation for most
lesions.

Passive cavitation images were created using beamformed data captured during an ablation
exposure utilizing methods similar to those described by Salgaonkar et al. (2009). These
methods and modifications from Salgaonkar et al. (2009) are briefly described as follows.
Radiofrequency (RF) data was recorded by each element of the passive imaging array and
beamformed to the desired location using a delay and sum algorithm. The location used for
beamforming was the depth of the HIFU focus from the passive imaging array and the
desired azimuthal location. The delay and sum beamforming produced a single beamformed
RF line for each location, which was digitized at a sampling rate of 33.3 MHz. The digitized
RF line was processed offline, as described below, to obtain a grayscale amplitude at each
pixel corresponding to the particular azimuthal and range location.

After digitization, the process was repeated (including data acquisition) for the next
azimuthal location until beamformed RF lines for 192 azimuthal locations, spaced by 0.22
mm, were gathered. This data acquisition and beamforming procedure was repeated until
sufficient data was recorded to form 9 passive cavitation images. Data acquisition for the 9
frames took approximately 43 ms. Collection of data for 9 passive cavitation images
constituted a single acquisition cycle. The time interval between two acquisition cycles was
approximately 2.5 to 3.0 s with the bulk of the time required for saving the digitized RF
lines. During each HIFU exposure, 12 acquisition cycles were performed. To obtain the
reference noise level, a single acquisition cycle was captured before starting the HIFU
exposure.

To convert the beamformed RF lines to pixel amplitudes, the beamformed RF lines were
windowed in the time domain using a generalized Blackman window and Fourier
transformed. The window was defined as:

t—0.5T t—0.5T
0.5 — a+0.5cos (271' (%)) +acos (471' (%)) s (1)

where a was set to 0.0359, t is time, and T is the duration of the RF data recorded by each
element of the imaging array. The window was optimized such that a frequency band
centered halfway between neighboring harmonics and ultraharmonics was —85 dB below the
peaks at the harmonic and ultraharmonic, assuming no inharmonic signals were present. The
data exhibited about 50 dB of dynamic range. Thus the windowing ensured that any signal
detected in an inharmonic band was due only to broadband emissions and not spectral
leakage from harmonics and ultraharmonics.

The frequency bands used to form images were the fundamental frequency band (a band 330
kHz wide and centered about 1.1 MHz), the harmonic frequency bands (bands 330 kHz wide
and centered about the first thirteen multiples of the fundamental), ultraharmonic frequency
bands (bands 330 kHz wide and centered about the first thirteen odd multiples of one-half
the fundamental frequency), and the inharmonic frequency bands (bands 16.5 kHz wide and
centered halfway between the first thirteen harmonics and ultraharmonics). The inharmonic
bandwidth was narrower to ensure that it did not contain fundamental, harmonic, or
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ultraharmonic spectral leakage. The energy in each band was normalized by the bandwidth
to obtain a power spectral density. The power spectral density in each band was averaged
across the nine frames in each acquisition cycle to form an averaged pixel amplitude. The
averaged pixel amplitudes obtained during HIFU insonation were normalized by the
averaged pixel amplitudes obtained with no HIFU insonation to compute the signal to noise
ratio (SNR) (Mast et al., 2008).

The optical assessment of the lesion could only be performed at one time point (after the
HIFU insonation). Therefore for each liver sample, the optical data was a one-dimensional
data set. To compare the optical data with the time-varying passive cavitation data, the
passive cavitation data were reduced to a single line plot. Each passive cavitation data set
consisted of 12 acquisition cycles. The first method to reduce the dimensionality of the
passive cavitation data was to sum the passive cavitation image amplitudes from 12
acquisition cycles as shown in equation 2:

>onBn(z,w)/12

I(x,w):w. 0)

Bn(x, ) is the averaged passive cavitation image pixel amplitude at location x (recalling that
all data was beamformed to the depth of the HIFU focus) and frequency o during HIFU
insonation for the ntM acquisition cycle. By(x, ®) is the passive cavitation image pixel
amplitude obtained with no HIFU insonation. (X, ®) is the SNR pixel amplitude at
frequency o and azimuthal location x (Fig. 2A). 1(x, @) was summed over the appropriate
frequencies as described above to obtain a line plot of the SNR (Fig. 2B), which could be
compared to location of the ablated tissue as determined by the optically scanned data (Fig.
2E).

The second method of forming the SNR line plot was based on the maximum SNR value at
each pixel location over the 12 acquisition cycles as shown in equation 3.

I(z,w)=max, {M} )
0

where maxp, indicates taking the maximum value across the 12 frames.

If a threshold value for the SNR can be used to classify tissue as ablated or normal, then
passive cavitation imaging could be used to monitor HIFU thermal ablation therapies. To
explore this possibility, the line plot obtained from the optical data was linearly interpolated
to match the pixel spacing of the passive cavitation SNR line plot. Receiver operating
characteristic (ROC) curves were computed by comparing the optical line plots with the
passive cavitation SNR line plots (Figs. 2E and 2F) for all 14 data sets combined and for the
data sets grouped by lesion-type (focal, pre-focal, and tadpole). ROC curves were computed
for fundamental emissions, harmonic emissions, ultraharmonic emissions, and inharmonic
emissions. The area under the ROC curve (AUROC) was computed.
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Statistical Analysis

Results

A Welch’s ANOVA test was used to determine whether differences existed between the
mean value of the received signal power (Bn(X, ®)) summed over time and space for the
different lesion types. The significance level was set to 0.05. A post-hoc Bonferroni
correction was applied to subsequent Welch’s t-tests for unequal variance to determine
which lesion types had statistically significant differences in the received signal power. The
results were also graphically evaluated using box plots of the median received signal power.

A similar set of data analysis was performed to investigate whether the centroid of
beamformed received signal was different between the lesion types. The centroid is defined

by:

> o Bn(z,w)
C= zﬂ:z >, B(z, w) @]

where the data is analyzed for the frequency band of interest, represented by the sum over o,
and a summation over time is represented by the sum over n.

The null hypothesis that the AUROC is less than or equal to 0.5 (indicating the technique
did no better than random guessing) was tested according to Hanley and McNeil (1982). To
compute the standard error, which was necessary to determine the p-value, the number of
independent data points was computed as the number of non-overlapping point spread
functions that could be fit within the lateral width of the passive cavitation image. The
lateral width of the point spread function was defined as the frequency-dependent —6 dB
width (Salgaonkar et al., 2009). The frequency used to compute the lateral point-spread
function was 1.1 MHz, 2.2 MHz, 1.65 MHz, and 1.925 MHz for the fundamental, harmonic,
ultraharmonic, and inharmonic emissions, respectively. These frequencies correspond to the
center frequency of the lowest band used to compute the corresponding passive cavitation
image. Selecting the lowest band yielded the largest estimate of the size of the point-spread
function and therefore the least number of independent measurements per data set. This
approach is a conservative assumption that makes it harder to reject the null hypothesis.

Examples of the three lesion types can be seen in Fig. 3. Lesions are observed as white or
light yellow discolorations of the tissue. Three pre-focal lesions, five tadpole lesions, and six
focal lesions were observed. Pre-focal lesions and tadpole lesions had larger areas than focal
lesions. Several other features were observed in the images. Vessels appeared as holes in the
tissue that typically had an off-white colored border (i.e. the vessel wall). Occasionally, only
the vessel wall was observed as an irregularly shaped off-white object. Air pockets formed
between the tissue and the surface of the optical scanning bed as the tissue thawed. These air
pockets had a sharply delineated border. The air pockets were not present in the tissue
during ultrasound insonation.

Representative beamformed received signals as a function of HIFU range position over time
are shown in Fig. 4 for a pre-focal lesion. Fundamental and harmonic emissions were
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observed for all experiments, though the amplitude and location varied. Ultraharmonic and
inharmonic emissions tended to be transiently present or not present at all, especially for
focal lesions. In some cases the spatial location of the increased echogenicity in B-mode
images after HIFU insonation corresponded with peaks in the passive cavitation images for
one or more of the emission types. However this correspondence was not consistent across
trials within each lesion type.

ROC curve analysis

ROC curves were computed to test the use of passive cavitation images for classifying
ablated and normal tissue quantitatively. Assessing all 14 lesions together, the two different
methods of processing the beamformed received signal (equations 2 and 3) did not
significantly change the shape of the ROC curves or the AUROC. Fundamental and
harmonic emissions had the largest AUROCS (0.724 and 0.721, respectively), followed by
ultraharmonic emissions (0.633), and inharmonic emissions (0.605). The null hypothesis
that the AUROC was not significantly different from 0.5 was rejected for all emission types
at a p-value of 0.05 after applying a post-hoc Bonferroni correction.

The method of calculation also had a small effect on the ROC shape and AUROC when
lesions were grouped as focal, tadpole, or pre-focal for analysis. The coefficient of variation
of the AUROC was less than 2.5% for all cases except inharmonic emissions from pre-focal
lesions where the coefficient of variation was 11.6%. Therefore all subsequent results of this
study are reported using the beamformed received signals summed over time (equation 2).
The ROC curves are plotted for each lesion type in Fig. 5 with the corresponding AUROC
listed in Table 1. Classification of focal and pre-focal lesions using passive cavitation
images formed from inharmonic emissions was not successful (p > 0.05). Classification of
lesion formation using passive cavitation images formed from fundamental, harmonic, and
ultraharmonic frequency bands were successful (p < 0.05).

Discrimination of Lesion Type Using Acoustic Emissions

The results in Fig. 5 and Table 1 demonstrate that the ability to use passive cavitation
images to classify where a lesion has formed depends on the type of lesion. Based on the
results of the Welch’s ANOVA tests, the null hypothesis that the temporally-summed
beamformed received signal (equation 2) had the same mean value for each lesion type was
rejected for fundamental and harmonic emissions but not for ultraharmonic and inharmonic
emissions. The follow-up Welch’s t-test of both the fundamental and harmonic emissions
showed a significant difference between the beamformed received signal power for tadpole
and pre-focal lesions only. Box plots (Fig. 6) supported the Welch’s ANOVA tests and
Welch’s t-tests, indicating that a difference existed in the median beamformed fundamental
emissions for tadpole lesions versus pre-focal lesions but not for ultraharmonic or
inharmonic emissions.

Welch’s ANOVA tests on the centroid locations of the beamformed received signals
rejected the null hypothesis that the centroid locations were the same across lesion types for
fundamental emissions, harmonic emissions, and inharmonic emissions. No significant
difference in the centroid location of ultraharmonic emissions was found across lesion types.
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Follow-up Welch’s t-tests indicated that the difference for each emission type occurred
between focal and tadpole lesion types, but not between focal and pre-focal or tadpole and
pre-focal. Box plots (Fig. 7) showed a high degree of variance for the location of the
centroid of cavitation activity for pre-focal lesions.

Discussion

The quantitative analysis of passive cavitation images and gross tissue histology reported
herein demonstrates that passive cavitation imaging can be used to assess where a thermal
lesion has formed after HIFU exposure. Although the precise values for the sensitivity and
specificity depend on the lesion type and threshold level selected, both the fundamental and
harmonic emissions were a significant predictor for all lesion types based on the AUROC. It
should be noted that the AUROC represents the probability that the SNR of the passive
cavitation image amplitude at a given location is higher at a lesioned location than at a non-
lesioned location.

Experimental (Khokhlova et al., 2006) and numerical (Chavrier et al., 2000) studies have
indicated that cigar-shaped focal lesions are formed when the number of microbubbles in the
HIFU beam is reduced. Focal lesion formation was predicted with the least success based on
the AUROC values. Conversely, lesion types associated with cavitation (tadpole and pre-
focal) were predicted more successfully, especially using emissions that are associated with
cavitation activity (harmonics and ultraharmonics). These results support the original
motivation that cavitation-enhanced heating can be monitored with passive cavitation
imaging.

The pre-focal lesions, which had the largest AUROC values, may have resulted from a
preexisting bubble population. These microbubbles may have increased pre-focal ultrasound
energy absorption, while acting as a shield and reducing the production of lesion distal to the
pre-focal region. The pre-focal lesions were large and had areas comparable to the tadpole
lesions. Given that the harmonic emissions originated in the pre-focal region, the origin of
the harmonic emissions was likely to be preexisting bubbles rather than scattering of
harmonics produced from nonlinear propagation, which would be most prominent in the
focal region. Many studies have reported on the utility of preexisting gas nuclei to accelerate
thermal ablation (Kaneko et al., 2005; Chung et al., 2012; Peng et al., 2012). The results of
those studies, combined with the results reported herein, that preexisting gas nuclei can be
helpful for monitoring thermal ablation, provide additional support for continued
investigation into microbubble-enhanced HIFU thermal ablation.

Because thermal lesions may be formed by a combination of direct absorption of transmitted
ultrasound energy and heating due to cavitation effects (Curiel et al., 2004), an effective
monitoring mechanism needs to track both mechanisms. Direct energy absorption is
proportional to increases in the ultrasonic intensity and frequency. Harmonics from
nonlinear propagation are predominantly formed at the HIFU focus where the intensity is
highest. Furthermore, microbubbles emit harmonics during nonlinear oscillations, which are
also associated with heating (Holt and Roy, 2005). Therefore harmonic emissions can be
indicators of both mechanisms of heating.
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A KZK simulation (data not shown) was performed to estimate the change in the harmonic
amplitude peaks with increasing frequency at the focus. This change was compared to the
experimentally measured change in harmonic amplitude peaks. It was noted that the
magnitude of the change in harmonic amplitude peaks as a function of increasing frequency
was smaller for the experimentally measured peaks, implying that both nonlinear
propagation and nonlinear scattering from cavitation occurred. Therefore heating likely
occurred via both direct absorption of the incident ultrasound and cavitation-based heating.
The analysis was performed in a frequency band where the imaging array sensitivity varied
by less than 3 dB to ensure that the transducer frequency sensitivity did not affect the
analysis. Additionally it should be noted that harmonic emissions have also been associated
with vaporous cavitation (i.e. boiling) (Jensen et al., 2012), which is associated with
temperatures well above the protein denaturation thermal threshold. Thus harmonic
emissions may occur from overtreatment. All of these reasons may explain why passive
cavitation images formed from harmonic emissions predicted where a thermal lesion formed
with the highest specificity and sensitivity.

Harmonic signals have been used to form images. Because the harmonics are formed near
the focus, harmonic imaging tends to contain fewer artifacts (Hedrick and Metzger, 2005).
The reduction in artifacts associated with harmonics may be one reason that passive
cavitation imaging of harmonic emissions outperformed fundamental emissions. Additional
improvements to the image quality may be achieved by modulating the insonation pulse,
such as using pulse inversion techniques to help further isolate frequency bands of interest
(Song et al., 2013). Aberration correction can also be applied to improve the image quality
in tissues with varying speeds of sound (Jones et al., 2013).

Interestingly, inharmonic emissions were the worst predictors of lesion formation in this
study. Inharmonic emissions were also the least detected type of emission, both with respect
to duration and amplitude. Inertial cavitation, which is associated with inharmonic
emissions, has been a focus of other HIFU thermal ablation studies (Arvanitis and
McDannold, 2013; Jensen et al., 2013). We posit four reasons why inertial cavitation may
not have been as prominently detected and therefore would be less likely to predict lesion
formation. First, the insonation pressure may not have been appropriate for inducing
sustained inertial cavitation. Arvanitis and McDannold (2013) adjusted the insonation
acoustic power until inertial cavitation was detected. In this study the acoustic power was
not adjusted to obtain a particular type or duration of cavitation emissions. Second, the
inharmonic emissions were at most 15 dB above the noise floor and often not present. By
comparison, the ultraharmonic and harmonic emissions were 30 dB or more above the noise
floor when they were present. Therefore it is possible that the system lacked the sensitivity
to detect some of the inharmonic emissions sufficiently. Third, inertial cavitation activity is
known to be transient and susceptible to cavitation nuclei depletion. This may have affected
our results in two manners. The 30 s continuous wave insonation used to induce the HIFU
thermal lesion had no quiescent period to allow for cavitation nuclei regeneration
(Hitchcock et al., 2011; Goertz et al., 2010). Additionally, both Arvanitis and McDannold
(2013) and Jensen et al. (2013) used significantly shorter exposures (10 sand 5 s
respectively), which could allow the inertial cavitation activity to occur for a larger fraction
of the insonation period. Fourth, the data acquisition periods may not have been appropriate
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for detecting transient inertial cavitation. During a single acquisition cycle, data was
recorded for approximately 43 ms, with the remaining 2500 to 3000 ms of the acquisition
cycle corresponding to data transferring and processing. Therefore, the probability of
capturing transient inertial cavitation activity during the exposure was low. Coupled with the
low fraction of time spent on data recording, the acquisition was asynchronous with the
initiation of HIFU exposure, which may have resulted in any initial burst of cavitation
activity from preexisting microbubbles to be missed. The limitations of this system in
recording inharmonic emissions may have not only decreased the AUROC value associated
with inharmonic emissions, but it may have also increased the AUROC values for other
emission types. This artificial increase could have occurred if non-inharmonic emissions
originated from the same location as the inharmonic emissions and the bubble activity
associated with inharmonic emissions caused lesion formation. Under these conditions, the
ROC analysis could falsely attribute the lesion formation to non-inharmonic emissions. A
modified setup designed to induce and record inharmonic emissions may improve the ability
of passive cavitation imaging to monitor lesion formation accurately.

Table 1 indicates that if the lesion type can be determined, a more accurate assessment of
lesion formation can be performed. Differentiating the lesion type during a single trial (as
would be necessary for providing guidance during a treatment) requires identifying a metric
that produces a unique value for each lesion type. Two simple methods were investigated to
determine if they could be used to differentiate lesion types. Neither the total amount of
beamformed received signal nor the centroid of the beamformed received signal could
simultaneously categorize all three lesion types, though statistically significant differences
were observed for some pairs. A post-hoc power analysis (Eng, 2003) was performed to
determine the number of lesions required in order to differentiate each lesion type using
either the location of the centroid of the emissions or the cumulative energy of the
emissions. It was found that at a minimum 12 lesions were required. Therefore these simple
metrics are not appropriate for determining the lesion type within a single ultrasound
insonation. More sophisticated metrics may be suitable for differentiating lesion types.

However, categorizing the data by lesion type may be suboptimal. Lesions are classified
based on their geometry after the HIFU insonation is complete. Ideally, passive cavitation
imaging would be used as part of a feedback system to monitor lesion formation during
HIFU insonation. Assessment of this ability requires a gold-standard method of directly
determining lesion formation in real-time, which was not possible in this study. A similar
study using translucent phantoms (Takegami et al., 2004; Lafon et al., 2005; Choi et al.,
2013) or real-time MR monitoring would enable such an investigation.

This study extends the work by Jensen et al. (2012). Their approach placed the imaging
array in a cutout of HIFU transducer along the axis of HIFU propagation. This alignment
protocol is suitable for clinical application, but limited the spatial resolution to a 10 mm x
10 mm window centered about the HIFU focus. Our results are able to provide finer spatial
resolution due to the orthogonal alignment of the passive imaging array and the HIFU
transducer. It should be noted when comparing our results to those of Jensen et al. (2012),
they observed evidence of boiling which would have scattered harmonics formed from
nonlinear propagation. As described above, at least a portion of the harmonics recorded in
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our experiments were from cavitating microbubbles. The presence of harmonics due to
scattering from large boiling bubbles would likely increase the sensitivity and specificity
due to the use of a threshold value in an ROC analysis.

Ultimately, passive cavitation imaging will likely need to be combined with other techniques
to provide increased accuracy in assessment of lesion formation. Arvanitis and McDannold
(2013) developed a dual-mode system that monitored cavitation through passive cavitation
imaging and temperature via magnetic resonance thermometry. They reported that the
location of heating and inertial cavitation activity were in agreement on average. Jensen et
al. (2013) predicted temperature elevation and lesion formation using passive cavitation
imaging as input data for a numerical model. The model accounted for heat deposition from
both direct absorption of the incident nonlinear ultrasound and cavitation. Inclusion of the
heating from cavitation played an important role in predicting the asymmetries of the lesions
that were observed. The methodologies from Arvanitis and McDannold (2013) and Jensen et
al. (2013) are examples of how passive cavitation imaging can be used in conjunction with
other techniques to predict HIFU lesion formation. Many other ultrasound imaging
modalities have the potential to be used with passive cavitation imaging for monitoring
lesion formation, speed-of-sound imaging, echo decorrelation imaging or elastography
(Righetti et al., 1999; Anand and Kaczkowski, 2008; Liu and Ebbini, 2010; Choi et al.,
2011; Bing et al., 2011; Subramanian et al 2014).

Study Limitations

Passive cavitation imaging does not directly monitor thermal changes and thus may not be
expected to predict lesion formation accurately due to thermal diffusion (Sheu et al., 2011).
The 30 s exposure times used in our methods may have been long enough for thermal
diffusion to cause some growth of the lesion size. This effect would likely lower the
specificity of the passive cavitation images.

Variability in the type of lesions produced was observed despite using the same ultrasound
insonation parameters for all samples. Although this variation was useful in the analysis,
uncontrolled variables were revealed. These uncontrolled variables may include variations in
tissue structure, variations in tissue compaosition due to degradation over the 4 h post mortem
period, preexisting gas nuclei, and variations in tissue temperature just prior to insonation.
Variations in tissue structure and compaosition are likely to be uncontrolled variables
encountered during clinical application of HIFU thermal ablation. Therefore the variations
encountered in this study may have serendipitously provided data that is useful when
considering translation to clinical application.

The experimental setup also limited the analysis. The available equipment resulted in an
acquisition cycle duration of approximately 2.5 s to 3 s and only 1% to 2% of that time
corresponding to receiving data. Thus transient emissions may not have been recorded.
Improved temporal resolution may result in increased AUROC values. Additionally, the Iris
system acquired each scan line in the passive cavitation image in sequence, rather than
beamforming all of the scan lines in a given frame from the same data set (e.g. our methods
were analogous to multiple ray line transmit B-mode imaging as opposed to plane wave B-
mode imaging (Sandrin et al., 1999)). Therefore within a single passive cavitation image
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frame, the emissions may have changed. A qualitative review of the data revealed a
relatively smooth transition in signal amplitude across azimuthal locations, indicating that
sequential scan line acquisition had limited impact. Finally, it should be noted that the
broadband imaging array had a center frequency of 7.5 MHz. The frequency sensitivity of
the array would have reduced the measured emissions at the fundamental. This relative lack
of sensitivity at the fundamental is advantageous in that the analogue to digital conversion
could span a dynamic range more sensitive to the lower amplitude harmonic, ultraharmonic,
and inharmonic emissions. However, temporal duration of the recorded signals was not
designed to optimize recording inharmonic emissions. The bandwidth available to record
inharmonic emissions was only 5% of the bandwidth available to record harmonic and
ultraharmonic emissions. Inharmonic emissions, when detected, were often only 10 dB
above the noise level. Furthermore the broadband array was insensitive to very low
frequency emissions that have been associated with boiling or hot vapor events (Mast et al.,
2008).

Conclusions

Passive cavitation imaging was implemented during HIFU ablation of ex vivo bovine liver.
Centroid and ROC curve analyses were used to test the correspondence between acoustic
emission signals and thermal lesion formation. Classification of lesion formation based on
harmonic emissions was the most successful. The results support continued investigation of
passive cavitation imaging as a technique for monitoring HIFU thermal ablation treatments
using binary classifiers to distinguish between coagulated and nominally untreated tissue.
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Diagram of experimental HIFU ablation setup (top view).
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Outline of the processing steps performed on the cavitation data and optical scan of the
lesion. (A) Beamformed cavitation data as a function of time and the linear array azimuth.
(B) The beamformed cavitation data is processed according to Eqn. 2 or Eqn. 3 to produce a
one-dimensional data set. (C) The lesion that was created during the same experiment as the
cavitation measurements in Fig. 2A. (D) The optical data was processed to produce a one-
dimensional binary data set, where a value of 1 indicates the location of ablated tissue and 0
is non-ablated tissue. (E) The one-dimensional PCI and optical data are plotted together. The
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horizontal orange dotted line represents one example threshold value used during an ROC
analysis. (F) The PCI data is converted to binary data based on whether it is greater than or
less than the threshold value at each azimuthal location. The orange shading represents the
locations where this threshold would predict a lesion to have formed. To build the ROC
curve, the threshold value used for predicting lesion formation is varied between 0 and 1.
For each threshold value the sensitivity and specificity are calculated.
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Representative images of liver samples after HIFU exposure. Thermally ablated lesions are
lighter in color with a white or white-yellow appearance as compared to the untreated
hepatic tissue. A focal lesion in the post-focal and focal zone is observed in the top image. A
tadpole lesion in the focal zone is observed in the middle image. A pre-focal lesion in the
pre-focal zone is observed in the bottom image. The —3 dB beam width of the HIFU source
(i.e. focal zone) is delineated by thick vertical lines. Examples of vascular tissue and air
pockets between the liver sample and scanner are indicated.
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Representative plots of the beamformed receive signals as a function of time and HIFU
range location for (A) fundamental, (B) harmonic, (C) ultraharmonic, and (D) inharmonic
emissions using a decibel scale. The lesion formed during the trial that produced these
emissions was a pre-focal lesion. The color bar extends from the maximum activity to 30 dB
below the maximum, except for the inharmonic emissions, where the dynamic range is only

15 dB due to the noise floor.
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Figureb5.
ROC curves for each cavitation emission type grouped by (A) focal lesion, (B) tadpole

lesion, and (C) pre-focal lesion, and (D) all lesions. Abbreviations for cavitation type are
“Fund” for fundamental emissions, “Harm” for harmonic emissions, “UH” for
ultraharmonic emissions, and “IH” for inharmonic emissions.
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Figure®6.
Box plot of the (A) fundamental emissions, (B) harmonic emissions, (C) ultraharmonic

emissions, and (D) inharmonic emissions for each lesion type. The red circle indicates the
median centroid location of beamformed received signals. The thick blue line extends from
the 25! to the 75! quartile. The black dashed whiskers indicate the extrema data (McGill et
al., 1978).

Ultrasound Med Biol. Author manuscript; available in PMC 2016 September 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Haworth et al.

Centroid of acoustic emissions (mm)

o1

o

I
Ol

LN
o

Page 26

Fundamental Harmonic Ultraharmonic Inharmonic

-

Tadpole |
Pre-focal |
Focal |
Tadpole }
Pre-focal |
Focal |
Tadpole |
Pre-focal |
Focal |
Tadpole |
Pre-focal |
Focal |

Lesion Type

Figure7.
Box plot of the centroid of emissions for each lesion type grouped by emission type (gray

boxes). The position is relative to the HIFU focus with negative values distal relative to the
HIFU transducer. The —3 dB beam width of the HIFU source (i.e. focal zone) is represented
by thick horizontal lines.
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Table 1

AUROC for each lesion-type and emission-type.
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Fund

Harm

UH

IH

All Lesions

0.72%*

0.72%*

0.64**

0.60**

Focal Lesion

0.66**

0.65**

0.60**

0.98

Tadpole Lesion

0.72%*

0.77**

0.64**

0.61%*

Pre-focal Lesion

0.77%*

0.87**

0.88%*

0.60

The double asterisks indicate a post-hoc Bonferonni corrected p-value less than 0.05. Fund is an abbreviation for fundamental emissions. Harm is
an abbreviation for harmonic emissions. UH is an abbreviation for ultraharmonic emissions. IH is an abbreviation for inharmonic emissions. The

color-coding matches the color-coding used in Fig. 5.
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