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High-Frequency Ultrasound M-mode Imaging for Identifying
Lesion and Bubble Activity during High-Intensity Focused
Ultrasound Ablation

R. E. Kumon*,†, M. S. R. Gudur*, Y. Zhou*, and C. X. Deng*

*Department of Biomedical Engineering, University of Michigan, 2200 Bonisteel Blvd., Ann Arbor,
Michigan 48109–2099, USA

Abstract
Effective real-time monitoring of high-intensity focused ultrasound (HIFU) ablation is important
for application of HIFU technology in interventional electrophysiology. This study investigated
rapid, high-frequency M-mode ultrasound imaging for monitoring spatiotemporal changes during
HIFU application. HIFU (4.33 MHz, 1 kHz PRF, 50% duty cycle, 1 s, 2600 – 6100 W/cm2) was
applied to ex-vivo porcine cardiac tissue specimens with a confocally and perpendicularly aligned
high-frequency imaging system (Visualsonics Vevo 770, 55 MHz center frequency).
Radiofrequency (RF) data from M-mode imaging (1 kHz PRF, 2 s × 7 mm) was acquired before,
during, and after HIFU treatment (n = 12). Among several strategies, the temporal maximum
integrated backscatter with a threshold of +12 dB change showed the best results for identifying
final lesion width (receiver-operating characteristic curve area 0.91 ± 0.04, accuracy 85 ± 8%, as
compared to macroscopic images of lesions). A criterion based on a line-to-line decorrelation
coefficient is proposed for identification of transient gas bodies.

Keywords
Cardiac Ablation; High-Intensity Focused Ultrasound; Spectrum Analysis; Echo-Decorrelation;
Tissue Characterization; High-Frequency Ultrasound

INTRODUCTION
High-intensity focused ultrasound (HIFU) ablation is an emerging therapeutic modality that
has been applied in a variety of clinical contexts (Crouzet et al. 2010; Illing et al. 2005;
Kennedy 2005; ter Haar 2007; ter Haar 2008; Vaezy and Zderic 2007; Wu et al. 2005),
including ablation of cardiac tissue for treatment of cardiac arrhythmia (Groh et al. 2008;
Groh et al. 2007; Klinkenberg et al. 2009; Mitnovetski et al. 2009; Natale et al. 2000; Ninet
et al. 2005; Saliba et al. 2002; Schopka et al. 2010). While other methods, such as
radiofrequency (RF) electrical ablation, cryoablation, and laser ablation, have been
employed clinically (Lall and Damiano 2007), these methods either directly contact tissue or
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have limited penetration depth and thus ablate mainly by thermal conduction. The resulting
effect is highly dependent on the distance from the thermal source. The advantages of HIFU
over these methods include its minimally- or non-invasive and non-contact nature,
adjustable focal depth, rapid heating within a focally confined volume without affecting the
intervening and surrounding tissue, and the ability to provide repeated treatment with few
side effects (Kennedy 2005; Lall and Damiano 2007).

The volume of tissue necrosis generated by HIFU, or lesion, is determined by the
spatiotemporal distribution of temperature increase induced by a HIFU exposure (Damianou
and Hynynen 1994; Sapareto and Dewey 1984). The initial tissue changes induced by HIFU
are often primarily thermal in nature, arising from thermoviscous absorption of the HIFU
energy. This heating can cause protein denaturation and coagulative necrosis (Bailey et al.
2003; Vaezy et al. 2001), which may induce changes in the acoustical properties including
sound speed, attenuation, and ultrasound backscatter. If the HIFU exposure does not
generate gas bodies and the tissue damage is primarily thermal, then the lesions typically
take on an elliptical “cigar” shape centered about the focus of the HIFU beam (Watkin et al.
1996). However, if acoustic cavitation, tissue degassing, boiling, and/or vaporization occur
during HIFU application (Bailey et al. 2003), the induced gas bodies will scatter, reflect, or
distort the HIFU beam and “tadpole” or irregularly shaped lesions are often consequently
generated (Chen et al. 2003).

One challenge to widespread clinical adoption of HIFU therapy has been the lack of
effective methods for real-time treatment monitoring (Bailey et al. 2003; Fleury et al. 2006).
Magnetic resonance imaging (MRI) has been used clinically for guidance of HIFU treatment
(Hynynen 2010) as it provides good spatial resolution (mm-sized) in delineating tissue types
and lesions as well as mapping temperature increases (few °C resolution) during HIFU
exposures. However, besides being expensive and not always conveniently available, MRI is
typically limited to ~1 frame/s and thus unable to provide full real-time monitoring of tissue
heating in HIFU, which can induce temperatures of 45–100°C in only a few seconds.
Diagnostic ultrasound (US) B-mode imaging can achieve imaging at frame rates sufficient
for real-time monitoring, but real-time imaging has proved difficult without the presence of
gaseous bodies (McLaughlan et al. 2010; ter Haar 2007). These gas bodies, which appear as
easily observable hyperechoic regions in the B-mode image, strongly scatter US and can
distort the HIFU beam, resulting in inefficient ablation of distal tissue elements and
alteration of the lesion location, shape, and size from the intended volume (Bailey et al.
2001; Chavrier et al. 2000). Although the presence of gas bubbles could potentially be
beneficial to enhance heating beyond thermoviscous absorption alone (Farny et al. 2010),
such application requires precise monitoring to achieve desirable and controlled outcome.

A variety of parameters derived from ultrasound imaging signals beyond the conventional
grayscale representation of the logarithmically-compressed envelope signal have been
proposed for improving imaging lesion formation. For example, calibrated spectral
parameters of fundamental and harmonic frequencies (Lizzi et al. 1997; Silverman et al.
2006), attenuation and/or ultrasound backscatter (Anand and Kaczkowski 2004; Ribault et
al. 1998; Zhang et al. 2009; Zhong et al. 2007), temperature (Amini et al. 2005; Arthur et al.
2010; Liu and Ebbini 2010; Miller et al. 2002; Seip and Ebbini 1995; Straube and Arthur
1994), thermal diffusivity (Anand and Kaczkowski 2008), strain or stiffness (Eyerly et al.
2010; Fahey et al. 2005; Kallel et al. 1999; Lizzi et al. 2003; Maleke and Konofagou 2008;
Shi et al. 1999; Souchon et al. 2005; Zhang et al. 2008), and echo-decorrelation (Mast et al.
2008), have been exploited. However, these methods can be subject to artifacts from tissue
movement, problematic over the large range of temperature variations in HIFU ablation, and
disrupted by cavity formation (Miller et al. 2002; Zheng and Vaezy 2010). Also, the
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frequency of conventional diagnostic ultrasound employed was less than 12 MHz in all these
cases.

In this study, we employed M-mode imaging to achieve rapid imaging for monitoring the
dynamic changes over a focal spatial regime during treatment to characterize lesion
formation as well as to assess gaseous body formation. This approach is analogous to optical
methods for real-time monitoring of laser thermal therapy (Vakoc et al. 2007). To obtain
high spatial resolution, we used ultrasound imaging with frequency band of 20–75 MHz. In
our experiments, ex-vivo porcine cardiac tissue specimens were used; HIFU exposures were
applied in synchronization of high-frequency M-mode imaging at 1 kHz line rate. High-
resolution B-mode imaging was also performed after HIFU application to image the lesion.
We then computed from the RF imaging data the integrated backscatter and echo-
decorrelation parameters (using the method of Mast et al. 2008) as well as calibrated spectral
parameters (Lizzi et al. 1983). We hypothesized that the cumulative time history of all these
parameters would better reflect the extent tissue necrosis than the individual parameters
alone. While other studies have used these parameters to quantify changes in backscatter
resulting from ablation, this study was performed at both high frequencies and line rate than
previous studies. The resulting parametric images were compared against photographs of the
lesions in the corresponding specimens of macroscopic tissue to develop a criterion for
lesion identification. Based on these results, we also propose a criterion for identification of
newly created or moving gas bodies based on line-to-line echo decorrelation.

MATERIALS AND METHODS
HIFU and ultrasound imaging system

Figure 1 shows a schematic diagram of the experimental setup. The HIFU system consists of
a signal generator (33220A, Agilent, Santa Clara, CA, USA), power amplifier (75A250,
Amplifier Research, Souderton, PA, USA) and a spherically-focused HIFU transducer (4.33
MHz center frequency, 40 mm diameter, 42 mm focal length). An ultrasound imaging
system (Vevo 770, Visualsonics, Toronto, ON, Canada) with a high-frequency scanhead
(RMV 708, 55 MHz center frequency, 20–75 MHz bandwidth, 4.5 mm focal distance, 1.5
mm depth of focus [−6 dB], 30 µm axial resolution, 70 µm lateral resolution) was used for
real time monitoring of HIFU application. The HIFU transducer and scanhead were
positioned perpendicularly to each other in a common plane (imaging plane) with
approximately the same focus. The positions of the HIFU transducer and imaging probe
were con-focally aligned by maximizing their scattering signals from the tip of a silver wire
(250 µm outer diameter, Dagan Corp., Minneapolis, MN, USA).

The raw radiofrequency (RF) backscattered signals (imaging data) were acquired by a
digitizing oscilloscope (54830B, Agilent, Santa Clara, CA, USA, with 8-bit dynamic range,
500 Ms/s) from the RF output of the Vevo system. Freshly-excised porcine ventricular
cardiac tissue specimens were used. HIFU exposures (50% duty cycle, 1 kHz pulse
repetition frequency [PRF], 1 s total duration) were applied at acoustic intensities of 2600 (n
= 3), 4200 (n = 5), 6100 W/cm2 (n = 4) for a total of 12 specimens. RF data from M-mode
imaging (1 kHz PRF, 4 s × 7 mm depth) were acquired from the Vevo system covering 0.2 s
before, 1 s during, and 2.8 s after HIFU treatment for total imaging duration of 4 s. The
focus of the scanhead was aligned with the HIFU focus prior to tissue insertion. To prevent
interference between the HIFU pulses and Vevo imaging pulses, the HIFU pulses were
initiated 100 µs after the the RF “line trigger” output from the Vevo system via a custom-
designed timing circuit.

The HIFU transducer was calibrated using the following procedure (Hill et al. 1994; Shaw
and Hodnett 2008). First, an ultrasound power meter (UPM-DT-10, Ohmic Instruments,
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Easton, MD, USA) was used to measure the total power output of the transducer at various
drive voltages. Second, the focal beam pressure profile (−6 dB radial width of 1.2 mm and
−6 dB axial focal depth of 3.8 mm) were measured by scanning a needle hydrophone (0.635
mm diameter active element, NP10.1, Dapco NDT, Ridgefield, CT, USA) through the
acoustic field. The spatial peak intensity was then calculated by correlating the integration of
the beam profile with the total power. All acoustic intensities are quoted as free-field,
spatial-peak temporal-average values, and the estimated uncertainty is ±20% (95%
confidence interval). This overall uncertainty includes Type A uncertainties from the
variation in measurements of the radiation force balance and beam width as well as Type B
uncertainties from the calibration accuracy of the radiation force balance, resolution of the
radiation force balance, finite-amplitude effects, accuracy of positioning system, and
resolution of the hydrophone (Ziskin 2003).

B-mode images (series of 10 mm × 11 mm at 0.032 mm intervals in the third dimension)
were also acquired from the Vevo system before and after each experiment in a series of
planes parallel to the imaging plane during HIFU application for off-line analysis. After
each experiment, the tissue was cut approximately in the imaging plane using a scalpel
(estimated uncertainty < ± 0.5 mm, Type B) and photographs were taken of the lesion cross-
section.

Image and data analysis
The RF data were imported into our custom-developed, MATLAB-based analysis software
for image reconstruction and data processing. The B-mode image acquired by the Vevo
system with the marked location of the M-mode line was manually registered with the
photographs of the macroscopic sections by common features (e.g., tissue boundaries). The
segments of the M-mode data corresponding to the lesion were then identified and analyzed
using the various methods described next in this section to generate HIFU-monitoring
parameters. Only the M-mode data within the depth of focus of the scanhead was used in the
analysis (±0.75 mm about the focus).

Grayscale and integrated backscatter—Let q(z,t) be the real-valued M-line signal at
time t at range z = ct′/2, where c is the sound speed and t′ is the echo arrival time. Each line
is Hilbert-transformed to obtain the complex-valued analytic signal p(z,t) = H[q(z,t)]. The
logarithmically-compressed grayscale signal on a decibel (dB) scale is then

(1)

where the spatial averaging function 〈□〉 is defined by

(2)

w(z) is the spatial window employed, and ⊗ is a 1D spatial convolution. (If spatial
averaging is not desired, then w(z) can be chosen as the Dirac delta function.) The change in
the integrated backscatter (IBS) relative to the initial IBS in dB was defined as

(3)

where

(4)

Kumon et al. Page 4

Ultrasound Med Biol. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



which is equivalent to a zero-lag auto-correlation. Here and in the subsequent sub-section, a
Gaussian window

(5)

is used as the smoothing window with γ = 16.6 µm, a length scale which was arbitrarily
chosen so that the window width is effectively 100 µm (6 standard deviations).

Echo decorrelation—In the case of a rapidly changing signal, line-to-line temporal
decorrelation function may be a useful method to quantitatively identify areas of rapid
change. Several decorrelation metrics were evaluated following a previous approach (Mast
et al. 2008). A temporal decorrelation function between two lines with time delay τ is
defined as

(6)

where p*(z,t) is the complex conjugate of p(z,t). We then define a normalized, line-to-line,
absolute decorrelation parameter, similar to the variance of the spectrum in “flow
turbulence” (Kasai et al. 1985), as

(7)

where  is the spatial mean value of the line at time t (see Mast et al. (2008) for details
about the choice of normalization). We also define a normalized, initial-line-to-current-line,
absolute decorrelation parameter as

(8)

where

(9)

As defined, σ would be expected to be sensitive to rapid changes (e.g., bubble initiation,
translation, or collapse) while σI would be expected to be sensitive to all changes from the
initial state (e.g. formation of lesions, bubbles, cavities, etc.).

Spectrum analysis—The calibrated spectrum of the backscattered RF data from tissue in
a region of interest (ROI) (Lizzi et al. 1983) has been shown to be related to the
microstructural properties of the tissue like scatterer size and acoustic concentration (Lizzi
1997; Lizzi et al. 1987). For spectrum analysis of the RF M-mode data, the power spectrum
was calculated for the signals of each RF A-scan within the ROI by taking the Fast Fourier
Transform (FFT) of the data gated by a series of sliding Hamming windows of 0.2 µs, each
offset by 0.1 µs. To remove artifacts associated with the composite transfer function of the
US system, calibration was performed by dividing the tissue power spectrum by the
calibration spectrum described below. The resulting calibrated spectra were typically quasi-
linear in shape and thus were characterized by linear regression to find their slope m(z,t),
intercept I(z,t), and their midband fit M(z,t), which is the value of the linear function
evaluated at the midpoint of the −15 dB bandwidth. To minimize the effects of variability in
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the initial state of the specimens, we also computed the relative change in the spectral
parameters, e.g., for midband fit, ΔM(z,t) = M(z,t)−M0(z), where M0(z) is the temporal
average value of the parameter prior to application of HIFU over 200 M-lines (0.2 s).

Calibration of the scanhead was performed by measuring pulse reflection from the interface
of deionized water and phenylated silicone oil (Dow Corning 710, Midland, Michigan,
USA). This approach (Hall et al. 2001) was used because the low reflectivity of the liquid–
liquid interface prevented signal saturation by the Vevo system. A 0.2 µs Hamming window
was applied to the resulting pulse and then the Fourier transform was used to find the
spectrum. Because this interface is not an ideal specular reflector, the resulting spectrum was
corrected for the complex-valued reflection coefficient at the water–oil interface and also for
the attenuation of the water between the scanhead and interface, which becomes non-
negligible above 30 MHz. The reflection coefficient at the interface was computed as R =
(Z2 − Z1)/(Z2 + Z1), where the complex-valued acoustic impedance for the nth medium is

(10)

ρn is the density, cn is the sound speed, αn is the attenuation coefficient, and f is the
frequency (Kinsler et al. 2000). The material parameters were taken from the literature
(Kushibiki et al. 1995; Pinkerton 1949).

Temporal extrema—Given that the changes induced by HIFU are often irreversible, we
also computed the temporal extrema over time at each range z as a means to capture the
overall history of the change in the parameters. For any given parameter X(z,t) defined
above, we define the temporal maximum of that parameter to be

(11)

The temporal minimum Xmin(z,t) is defined analogously.

Classification of lesion—To test the predictive accuracy of each parameter described
above in identifying the lesion region, parametric M-mode images were constructed for each
parameter. For any given parametric image, a threshold θ can be applied to classify each
pixel as lesion or non-lesion if the parameter is above or below the threshold. For the jth
specimen, let Pj(θ) be the number of points defined positively as lesion, and Nj(θ) be the
number of points defined negatively as non-lesion. With the knowledge of the actual tissue
state based on the images of the macroscopic lesion, each pixel in the image was classified
as true positive (TP), true negative (TN), false positive (FP), or false negative (FN), and the
number of pixels in each category was recorded [TPj(θ), FPj(θ), TNj(θ), FNj(θ)]. To
determine the classification performance of the parameter over all N specimens, the number

of pixels in each class was summed, i.e., , etc. By using a series of
thresholds, an overall empirical receiver-operating characteristic (ROC) curve was formed
by plotting the TP pixel fraction [TPFtot = TPtot(θ)/Ptot(θ) = sensitivity] vs. the FP fraction
[FPFtot = FPtot(θ)/Ntot(θ) = 1 − specificity], and then the area under the ROC curve (AUC)
was computed as an overall measure of the parameter’s performance as a classifier (Fawcett
2004). An empirical accuracy curve was also constructed by plotting the accuracy
ACCtot(θ)=[TPtot(θ) + TNtot(θ)]/[Ptot(θ) + Ntot(θ)] as function of the threshold θ. An
optimal threshold θ0 was defined as the lowest threshold corresponding to the maximum

accuracy . To allow time for the system to reach close to a quasi-
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stable state, only the M-lines starting 0.5 s after the HIFU treatment was terminated were
classified.

Classification of bubble activity—Unlike the method of lesion identification described
above, an independent and direct measure of the existence and location of bubbles was not
available during HIFU application. Hence to determine regions of newly formed or
translating bubbles, a negative criterion was used. Because no HIFU-associated bubbles are
likely to exist within the tissue prior to the initiation of HIFU treatment, any parameter used
for classification of bubble activity should, at minimum, not identify bubbles during the pre-
HIFU period. Given that the temporal echo-decorrelation parameter σ(z,t) is expected to be
most sensitive to rapid changes in the signal, only this parameter was evaluated for bubble

identification. For any given parametric image σj(z,t) of the jth specimen, the threshold 

for bubble identification was chosen to be the minimum value of σ such that  for
all z at all t < tON, where tON is the time of HIFU initiation. The overall threshold for all

specimens was then selected to be . Because the conditions for the new bubble
activity can vary with the applied conditions and tissue state, this overall threshold is
probably quite conservative and may tend to only identify the bubble generation or motion
at higher levels of hyperechogenicity.

Statistical cross-validation—Once the best parameter for lesion identification was
determined based on training with the M-mode data from all data sets, leave-one-out cross-
validation (Tan et al. 2006) was performed to find the variation in the optimal thresholds and
the classification accuracies of the “left out” cases.

Pixel marking—After performing cross-validation, the best parameters for lesion and
bubble identification were used to generate binary color maps that were superimposed on the
original grayscale image. The color maps were generated over the entire time of M-mode
monitoring of the HIFU treatment even though the lesion data could only be verified in the
post-HIFU period. For the data shown herein, the pixels within the lesion region (including
ablated tissue, bubble activity, and cavities) were colored red, pixels identified as new or
translating bubbles were colored green, pixels in both states were colored yellow, and pixels
in neither state were not colored. The intensity of the pixel color was then modulated by the
intensity of the original grayscale image to create a composite image.

Computational methods—All computations were implemented in MATLAB (v. 2010a,
Mathworks, Natick, MA). In particular, spatial averaging was implemented using the built-
in 1D convolution function (conv.m) with the kernel given in Eq. (5), and spectral
computations were performed using the built-in Fast Fourier Transfer function (fft.m).

RESULTS
High-frequency B-mode and M-mode imaging of HIFU lesion and gas body formation

Figure 2 shows B-mode, C-mode, and M-mode images obtained with the Vevo system for a
typical ablated region generated at the highest HIFU power investigated in this study (6100
W/cm2). Figure 2A shows the B-mode image in the plane of the scanhead with the HIFU
beam incident from the left, as well as the corresponding top (C-mode) and front views. The
treated region is evident from the high spatial resolution images of a lesion with hyperechoic
boundary and hypoechoic central area.

Detailed spatiotemporal information was obtained during HIFU application with the use of
M-mode imaging with a 1 kHz line rate. Figures 2B and 2C are B-mode images of the lesion
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in Fig. 2A before and after HIFU application, respectively, with the M-mode imaging
direction along the dashed line. Figure 2D shows the corresponding M-mode image
reconstructed from the RF data, where the vertical dashed lines indicate the times that the
HIFU treatment was turned on and off (t = 0.2 s and 1.2 s). Immediately after t = 0.2 s, no
activity is seen in the M-mode image until t = 0.606 s despite the HIFU having been on. At t
= 0.606 s, a series of bright areas can be seen to initiate in a region 4.5 mm from the
scanhead, near the confocal area of the HIFU transducer and the Vevo scanhead. The bright
area appears to shift upwards, towards the imaging transducer and perpendicular to the
HIFU beam axis, by several hundred microns during the remaining time of HIFU
application and then move downwards before eventually reaching an quasi-stable position.
In the subsequent period after HIFU was turned off, the upper (closer to the imaging
transducer) bright area reduces in echogenicity until it no longer shadows the region below
it, at which point (t = ~2.5 s) the hyperechoic region below is seen. Figure 2E shows the
macroscopic tissue specimen sectioned to reveal a transverse cross-section of the HIFU
lesion that corresponds to the B-mode imaging plane. As before, the vertical dashed line
shows the approximate location of the M-mode line. Morphological comparisons of Figs.
2C, 2D with Fig. 2E show that the hypoechoic core region in Figs. 2C and 2D corresponds
well to the cavity in the tissue while the hyperechoic areas correspond to the surrounding
areas of tissue necrosis from thermal ablation. The combination of the intense and erratic
hyperechogenicity in the M-mode image (Fig. 2D), the hypoechoic region in the B-mode
image (Fig. 2C), and the macroscopic cavity in the lesion (Fig. 2E), likely indicates that
significant generation of bubble activity occurred from acoustic cavitation, boiling, and/or
from dissolved gas coming out of tissue due to heating. The agreement with the macroscopic
lesion features in the M-mode image (Fig. 2D) is seen once the tissue returns to a quasi-
stable state (typically ~0.5 to 1 s after HIFU treatment ends in our data).

Parametric imaging for identification of lesion and bubble activity
With confidence that B-mode, M-mode, and macroscopic tissue images could be accurately
co-registered and the lesion region could be identified from the macroscopic images, we
proceeded to analyze the M-mode RF data with the goal of determining criteria that might
be used to identify lesion formation and bubble activity during HIFU application. The RF
M-mode data was analyzed by computing ΔIBS(z,t), σ(z,t), σI(z,t), ΔM(z,t), ΔI(z,t), and
Δm(z,t), along with their temporal extrema. Figure 3 shows the resulting parametric M-
mode images corresponding to the data in Fig. 2. (The parameter σmax was qualitatively
similar to σI max and is not shown; see Fig. 5C for an example image of σ) The vertical
dashed red lines indicate the times that the HIFU treatment was turned on and off (t = 0.2 s
and 1.2 s), and the yellow box vertically delineates the estimated spatial region where the
lesion was formed based on examination of the macroscopic lesion (Fig. 2E) and
horizontally delineates the temporal duration from 0.5 s to 0.7 s after the HIFU was turned
off, when the tissue has reached an quasi-stable state. Figs. 3A–D show that, as backscatter
increases due to the lesion and bubble activity, ΔIBS(z,t), σI(z,t), ΔM(z,t), and ΔI(z,t)
increase while Fig. 3E shows that Δm(z,t) decreases over the same period. In all these cases,
the resulting image is qualitatively similar to the original grayscale M-mode image, and does
not appear to clearly identify much of the lesion region (yellow box). In contrast, Figs. 3F–J
show that by using the temporal maxima ΔIBSmax(z,t), σI max(z,t), ΔMmax(z,t), and
ΔImax(z,t) or temporal minima Δmmin(z,t) at each spatial location to track the overall time
evolution of the changes of the signal, the lesion region is better filled, although the maxima
are reduced or minima increased in the region below the focus (~4.5 mm), because of the
reflection from bubbles remaining in the cavity after treatment.
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Best parameters for identification of lesion and bubble activity formation during HIFU
application

To determine the best parameter for lesion identification, we then computed each parameter
for all 12 specimens, varied the threshold for lesion identification, and compiled the
classification accuracies on a pixel-by-pixel basis (e.g., pixels above the threshold in the
yellow boxes of Fig. 3 were considered true-positive while those below the threshold and
outside the yellow boxes were considered true-negative) for all specimens. Figure 4A shows
the resulting empirical ROC curves over all specimens for each analyzed parameter, and
Table 1 shows the corresponding ROC AUC and maximum accuracy for each parameter.
The temporal maximum change in the integrated backscatter ΔIBSmax at each spatial
coordinate showed the best overall performance with ROC AUC of 0.91 and achieved a
maximum pixel-identification accuracy of 85% at a threshold of 12 dB. While other
parameters (e.g., ΔMmax, ΔImax, and σmax) gave comparable accuracy within the range of
uncertainty, we chose to focus on ΔIBSmax for lesion identification in subsequent examples.
Statistical cross-validation of the lesion identification was performed using the leave-one-
out (LOO) method. For ΔIBSmax, the mean and standard deviation of the accuracies
achieved for the “left out” test cases were 0.84±0.08, which is comparable to the maximum
accuracy with all the data, suggesting that the classification is not strongly affected by
individual cases. The mean and standard deviation of the corresponding optimum thresholds
were 12.1 ± 0.3 dB.

For classification of bubble activity, Figure 4B shows the overall pixel fraction identified as
bubble activity as a function of the threshold value of the frame-to-frame decorrelation
parameter σ for pixels prior to HIFU initiation for all specimens. The overall threshold to

ensure no pixels are identified as bubbles prior to HIFU was , although it can be
seen from the graph that a less conservative, lower value could be used with little error, if
desired.

Pixel marking algorithm
Figure 5 shows a graphical demonstration of the process for pixel marking of lesion and
bubble activity for the data set shown in Figs. 2–3. Figure 5A shows ΔIBS(z,t)max while
Fig. 5B shows the binary mask generated using the optimal threshold of 12 dB, where red
indicates lesion and black indicates non-lesion. Although, strictly speaking, the classification
accuracy reported in Table 1 may only be valid during the post-HIFU period because
determination of the optimal threshold was based only on training during this period, we
have applied the threshold to the entire duration of the M-mode imaging, including the
periods before and during HIFU exposure. In Fig. 5B, no lesion is identified prior HIFU
exposure, and most of the lesion extent (yellow box, based on macroscopic lesion) is
properly identified with relatively little false lesion identification outside. Around t = 0.726
s, there is an abrupt increase in the width of the identified lesion region, possibly due to an
increase in backscatter due to more extensive bubble activity and/or macroscopic cavity
generation. Given the relatively high-frequency of the HIFU transducer and the time delay
between the initiation of HIFU and the hyperechoic response near the focus, we hypothesize
that this is predominantly bubble activity generated by thermally-induced water
vaporization.

To try to identify bubble activity or motion specifically, the frame-to-frame decorrelation
parameter σ(z,t) was computed, as shown in Fig. 5C. Figure 5D shows the corresponding

binary mask generated using the optimal threshold of  where solid green indicates
bubble activity and solid black indicates non-bubble activity. The approach appears to
provide a reasonable identification of most of the hyperechoic signal that is likely to be from
active bubble generation and motion starting around t = 0.606 s. Figure 5E then shows the
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composite of the grayscale M-mode image (cf. Fig. 2D), lesion mask (Fig. 5B), and bubble-
activity mask (Fig. 5D), where red indicates lesion only, green indicates bubble activity
only, and yellow indicates the superposition of both. For ease of comparison, Fig. 5F shows
the image of the macroscopic lesion with the approximate location of the M-mode imaging
shown by the dashed yellow line. Observe that the grayscale M-mode image in Fig. 5E (cf.
Fig. 2D) does not clearly identify the extent of the lesion region, whereas the masks provide
good automated marking of the lesion extent and bubble activity along the M-mode line. A
small number of green pixels occur on the proximal side of the focal region near the
beginning of the initiation of the hyperechoic response at t = 0.606 s, but most of the marked
bubble activity occurs within the marked lesion area, as might be expected.

Lesion and transient gas body identification
Figure 6A shows an additional example of a marked M-mode image (using the lesion

threshold of ΔIBSmax = 12 dB and bubble-activity threshold of ) for a typical
specimen exposed at the lowest intensity level in this study (2600 W/cm2). The M-mode
image in Fig. 6A shows a divergence of the initially horizontal parallel lines representing the
scattering from the tissue. These changes are likely to result from local changes in sound
speed and, to a lesser extent, thermal expansion of the tissue from HIFU-induced heating.
Around 0.696 s after HIFU initiation at t = 0.2 s, a series of hyperechoic spots begin to
appear in the image (Fig. 6A), and the grayscale image starts to brighten and subsequently
remains brighter than in the pre-HIFU region. Given their transient nature (<1 ms), these
bright spots are likely to represent bubble activity, and this is also reflected in the yellow
marking of these regions. Also, the relatively high frequency of the HIFU (4.33 MHz) and
the delay between the start of HIFU exposure and the appearance of gaseous bodies would
suggest thermally induced water vaporization as a significant mechanism for bubble
formation. The initiation of the gas bodies is delayed in time at this lower intensity, which is
consistent with thermally generated bubbles and with results reported by others.
Subsequently, the M-mode image shows a hyperechoic area on the image (t = ~1.1 to 1.2 s,
z = ~4.4 to ~4.6 mm) that persists even after the HIFU is turned off. This region may
represent increased backscatter due to both tissue necrosis as well as bubble formation, but
the significant shadowing below the hyperechoic area suggests the presence of at least some
gas. (Such “continuous” gas bodies will not be marked by the bubble-activity marking
algorithm because the frame-to-frame decorrelation coefficient will be small.) Hence it is
possible that this region may represent the expansion of a cavity inside the lesion with the
presence of gaseous bodies.

As compared with the macroscopic lesion in Fig. 6B (yellow box in Fig. 6A and black
dashed lines), the red lesion marking underestimates the extent of the lesion, although it
does define the edges and does not falsely identify pixels outside of the lesion region. The
“tadpole” shape of the macroscopic lesion with the smaller central cavity (Fig. 6B) and the
hypoechoic region on the corresponding B-mode image (Fig. 6B inset) are consistent with
the marking of bubble activity in the M-mode image. During HIFU exposure, the lesion-
marking algorithm suggests that the lesion forms prior to the initiation of bubble activity, as
might be expected, although this could not be independently confirmed in this study. After
the HIFU is turned off, the M-mode lines in the focal region move back toward the axis of
the lesion (marked by the arrow near z = ~4.5 mm) due to cooling and a small dark region
(arrow) is apparent that is consistent with the location of the cavity within the macroscopic
lesion.
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DISCUSSION
In this study, we have investigated high-frequency ultrasound imaging for monitoring HIFU
ablation with rapid M-mode imaging during HIFU treatment for on-line assessment based
on a study of 12 specimens. We have demonstrated a practical method for identifying the
extent of lesion by using the time history of the integrated backscatter. By comparison with
macroscopic lesions, a threshold was established which enables the method to be used
potentially for automated classification of lesion in real-time during HIFU exposure. The
rapidly changing hyperechoic regions observed in the M-mode images during HIFU
treatment are suggestive of gas bodies and gave rise to a proposed criterion for identification
of bubble activity using a line- to-line decorrelation parameter. This criterion could be useful
for scenarios where monitoring is needed to prevent or exploit significant gas formation
during HIFU application.

HIFU ablation in cardiac tissue
Lesion formation by HIFU in cardiac tissue has been previously studied in a variety of
canine, porcine, and bovine models, for relatively long (3 to 300 s) continuous or gated
exposures at lower intensities (He et al. 1995; Lee et al. 2000; Lesh et al. 1999; Meininger et
al. 2003; Ohkubo et al. 1998; Strickberger et al. 1997; Strickberger et al. 1999; Zimmer et al.
1995) over a range of frequencies (1 to 15 MHz) as well as with multiple shorter duration
pulses (0.2 to 1 s) at higher intensities triggered by the electrocardiogram signal (Abe et al.
2008; Engel et al. 2006; Fujikura et al. 2006; Muratore et al. 2007; Otsuka et al. 2007;
Otsuka et al. 2005a) at frequencies in the range 4.67–5.25 MHz. At lower intensities [e.g.,
1.6–2.5 kW/cm2 (Lee et al. 2000); 2.8 kW/cm2 (Strickberger et al. 1997; Strickberger et al.
1999)], pathological examination usually indicated pale tissue discoloration from thermal
ablation in cigar-shaped lesions, without obvious damage due to cavitation. At higher
intensities [e.g., 5 kW/cm2 (Engel et al. 2006; Otsuka et al. 2005b); 7–13 kW/cm2 (Fujikura
et al. 2006), 23–26 kW/cm2 (Abe et al. 2008; Otsuka et al. 2007)], regions of tissue necrosis
occurred, but post-HIFU histological examination showed additionally the presence of
vacuoles within and between individual cells or complete cellular collapse, which were
hypothesized in both cases to result from induced bubble activity. In this study, a high pulse
repetition frequency (1 kHz) was used prevent interference between the HIFU and M-mode
imaging. Our results show that the high line rate can provide dynamic information of the
HIFU ablation process. In the high-intensity cases where large obvious cavities were formed
(e.g., Fig. 2E), the upward movement of the hyperechoic regions in the corresponding M-
mode images (e.g., Fig. 2D) after the initiation of bubble activity could be interpreted as
tracking the expansion of the cavity wall under the assumption that, once the cavity begins
to form, the cavity expansion will dominant over any apparent expansion due to heating.
Under this interpretation and assumption, the instantaneous expansion rates after the
initiation of bubble activity was in the range of 5–10 mm/s.

HIFU ablation and echo-decorrelation imaging
Echo-decorrelation imaging has been previously suggested as a method for monitoring
lesions induced by RF electrical ablation (Mast et al. 2008; Mast and Subramanian 2010), in
studies where pairs of B-mode ultrasound images were recorded (7 MHz imaging array, 19.6
ms between frame acquisitions, 1.27 pairs/s) during ablation of ex-vivo liver tissue with
simultaneous measurement of temperature by thermocouple. The areas of highest temporal
maximum decorrelation σmax were shown to correlate with the location of the macroscopic
lesions, while temporal maximum integrated backscatter ΔIBSmax maps showed worse
performance (ROC AUC 0.855 vs. 0.5925). The decorrelation was also shown to be better
correlated than integrated backscatter with local tissue temperature and ablation effects. In
the current study, the performance of σmax was comparable to the previous study, but
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ΔIBSmax showed slightly better performance in lesion identification as compared to σmax
(ROC AUC 0.91 ± 0.04 vs. 0.85 ± 0.08). The reason for the possible difference is not
entirely clear, but there are several possibilities. The current study used a much higher
ultrasound imaging frequency with wide frequency band, which may improve the
performance of ΔIBSmax. While both the RF ablation in Mast et al. (2008) and the HIFU
ablation in the current study likely had gas bodies generated from heating, it is probable that
inertial cavitation also occurred in the current study, adding identifiable hyperechoic regions
to the recorded images. In addition, the current study had a higher imaging rate (1 kHz vs 50
Hz), which might allow ΔIBSmax to capture more short duration, highly hyperechoic events.
Also, the echo-decorrelation maps reported in Mast et al. (2008) were temporally smoothed
over 20 decorrelation frames, whereas no temporal smoothing was employed in this study,
and efforts to employ temporal smoothing did not improve performance. Finally, we note
that that the initial-to-current line decorrelation σI performed better as compared to σ (ROC
AUC 0.70 ± 0.14 vs. 0.38 ± 0.08); however, σI max performed only comparable to σmax
(ROC AUC 0.84 ± 0.07 vs. 0.85 ± 0.08).

HIFU ablation and spectrum analysis
Spectrum analysis of the resulting backscattered RF ultrasound data also has been employed
previously for identifying changes in tissue state during ablation. Early studies on the use of
ultrasound-induced hyperthermia (1–2 W/cm2, 30 min) for treatment of melanoma tumor
xenografts showed that treated tissue had a significant decrease in spectral slope by 0.480
dB/MHz and a significant increase in intercept by more than 10 dB as compared to untreated
tissue (Silverman et al. 1986). Later work by the same group reported changes in spectral
parameters on lesions induced by HIFU in ex-vivo liver (700 W/cm2, 5 s) (Lizzi et al. 1997)
and more recently in ex-vivo chicken breast and rabbit liver (5.6–10 kW /cm2, 15–30 s)
(Silverman et al. 2006). The ablated tissue in these studies exhibited midband fit of 6 to 8 dB
higher than surrounding tissue, with further enhanced contrast of ~12 dB when the MBF was
computed from the second harmonic signal (Silverman et al. 2006). The aforementioned
values of change in midband fit, intercept, and slope are in line with the trends reported for
the corresponding threshold values in this study (+3.3 dB, +7.8 dB, and −0.17 dB/MHz), and
quantitatively close to the optimal thresholds determined in this study for temporal
maximum midband fit ΔMmax of +11 dB and temporal minimum slope of −0.50 dB/MHz
(Table 1). These trends are also consistent with theoretical predictions that increased
midband fit and intercept and decreased slope result from increased effective scatterer size
(Lizzi 1997). Based on our results, we hypothesize that that the processes which occur
during tissue ablation result in larger effective scatterer sizes. Spectral parameters have also
been computed as part of a study of 40 parameters to characterize lesions induced by RF
ablation (20 W) in ex-vivo bovine liver (Siebers et al. 2004). The AUC ROC for slope,
intercept, and midband fit were reported to be 0.71, 0.71, and 0.69, respectively
(uncertainties and thresholds were not reported), which are comparable to values found in
the current work (Δm : 0.68 ± 0.11, ΔI : 0.73 ± 0.13, ΔM : 0.73 ± 0.14), but inferior to the
performance of the corresponding temporal extrema (Δmmin : 0.82 ± 0.07, ΔImax : 0.87 ±
0.11, ΔMmax : 0.88 ± 0.08) shown in Table 1, suggesting that the time history of the change
induced by HIFU can be useful for enhancing lesion identification. Finally, we note that
mid-band fit and IBS are conceptually similar methods for assessing the magnitude of
backscatter, and the strong performance by both methods is an expected result, with the
difference likely arising from the spatial averaging of the spectrum analysis method.

High-frequency ultrasound imaging of ablation
Relatively few studies on high-frequency (>10 MHz) ultrasound characterization or
monitoring of thermal-lesion formation have been reported. Although imaging depth using
high-frequency ultrasound imaging is limited to 1–2 cm, the high imaging resolution may
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provide improved lesion identification than conventional ultrasound imaging. The smaller
imaging depth caused by higher frequencies is not restrictive for catheter-based ablation
(e.g., RF ablation). For example, a “MicroLinear” catheter using a 24-element, 14 MHz
phased array with integrated RF probe has been reported for forward looking imaging to
detect ablation using changes in strain rate (Sahn et al. 2009). Most recently, a proof-of-
concept catheter system has been developed that combines an ultrasound transducer (25–33
MHz) with RF ablation electrode to allow for real-time M-mode monitoring of lesion
formation at 20 Hz line rate (Wright et al. 2011). In an open-chest sheep model, the study
demonstrated that the lesion front can be identified in the M-mode image and that M-mode
visualization can accurately predict lesion transmurality and depth of tissue necrosis seen on
pathology. These results show the importance and utility of imaging for monitoring lesion
formation. A preliminary study by our group (Kumon et al. 2009) using high-frequency
ultrasound imaging (>50 MHz) showed the feasibility of using high line-rate M-mode
imaging for monitoring lesion and gas body formation during HIFU application with high
spatiotemporal resolution. The wide frequency bandwidth available with high-frequency
ultrasound imaging may also be beneficial to improve the detection of tissue changes in
terms of both spatial and spectral features. With the recent advances in high-speed
computing, real-time 2D imaging at high frame rates has already been demonstrated in
prototype (Liu and Ebbini 2010). The development of transducer arrays for high-frequency
imaging (e.g., in Visualsonics Vevo 2100 system) may also enhance the ability to provide
rapid imaging by allowing for electronic scanning over the field of view. Taken together
these developments would suggest that real-time image formation at high frequencies is in
the realm of possibility with continued work.

Study limitations
This study has several limitations. First, the location of the M-line is selected prior to the
HIFU exposure and may not be optimal if the lesion moves spatially in an unpredictable
manner. It is possible that on-line feedback control algorithm can be developed and
implemented to adjust the M-location dynamically. Second, the high-frequency imaging
system provides sub-mm spatial resolution, but it can be challenging to assess the
boundaries of the macroscopic lesion with the same resolution. Fixation and embedding of
the tissue could allow for more precise sectioning and may minimize asymmetric skew of
the tissue but this process also introduces potential spatial distortion due to the tissue
preparation process. Third, the application of HIFU induces an acoustic radiation force that
causes small amount of motion in the direction of the HIFU beam. This may result in
changes in the acquired M-mode image, as the tissue moves slightly relative to the fixed
location of the M-line. The effect should be minimal given that our tissue specimens were
secured in place, but the effect may be greater at higher intensities and may show up most
when the HIFU is turned off. Finally, in the spectral methods, the spatial averaging inherent
in the method limits the spatial resolution over which the spectral parameters can be
computed (cf. Fig. 3A with 3C–E).

CONCLUSION
We have demonstrated that high-frequency ultrasound with high-resolution (~100 µm) can
provide imaging of HIFU lesions using B-mode imaging and M-mode imaging (1 kHz line
rate). Evaluation of a variety of parameters calculated from the M-mode RF signals for
determining the approximate lesion extent revealed that a threshold of +12 dB of temporal
maximum of the integrated backscatter gave the best overall performance for lesion
identification as compared to the macroscopic lesion extent (ROC AUC 0.91 ± 0.04),
although the distal edge of the lesion was weakly defined in some cases. The temporal
maxima of the spectral midband fit, intercept, and echo decorrelation coefficients, and
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temporal minimum of the slope also performed reasonably well. A criterion for identifying
newly generated or moving bubbles using a line-to-line decorrelation coefficient is
proposed. The extent of the identified region of bubble activities correlated with the region
of cavities observed in the macroscopic images of tissue after HIFU application. On-line
implementation of these methods potentially can provide a means for real-time monitoring
and automated identification of the lesion and bubble activity during HIFU application that
could be useful for developing feedback control for optimal lesion formation and treatment
outcome.
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Figure 1.
Schematic diagram of experimental apparatus. The high-frequency ultrasound (US) imaging
system is a Visualsonics Vevo 770, and the HIFU transducer is spherically-focused into the
interior of the tissue specimen, as shown in a side view (not to scale).
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Figure 2.
High-resolution imaging (55 MHz) of HIFU lesion (6100 W/cm2, 1 kHz PRF, 50% duty
cycle, 1 s exposure) with hyperechoic border and hypoechoic core. (A) B-mode image in
plane of scanhead (side view) along with top and front C-mode images through the
approximate center of the lesion. (B) B-mode images of the pre-HIFU area and (C) post-
HIFU lesion with the location of M-mode line superimposed (dashed yellow). The dashed
white line in Fig. 2A shows the location of these images relative to the larger specimen (D)
M-mode image reconstructed from RF data before, during, and after HIFU treatment. The
start (t = 0.2 s) and end (t = 1.2 s) of HIFU treatment is indicated by the dashed red lines. (E)
Photograph of macroscopic tissue cross-section. The yellow vertical dashed line indicates
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the approximate location of the M-mode line, while the white horizontal lines show the
correspondence between the M-mode and macroscopic lesion along the lesion and cavity
boundaries.
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Figure 3.
Parametric M-mode images of HIFU lesion (6100 W/cm2, 1 kHz PRF, 50% duty cycle, 1 s
exposure) based on RF data corresponding to specimen in Fig. 2. The left column shows the
parameters (A) Integrated backscatter change ΔIBS(z,t) [dB], (B) Initial-line-to-current-line
decorrelation σI(z,t), (C) Midband-fit change ΔM(z,t) [dB], (D) Intercept change ΔI(z,t)
[dB], (E) Slope change Δm(z,t) [dB/MHz], while the right column shows the corresponding
temporal extrema (defined in Eq. (11)) of these quantities (F) ΔIBS(z,t)max [dB], (G)
σI(z,t)max, (H) ΔM(z,t)max [dB], (I) ΔI(z,t)max [dB], (J) Δm(z,t)min [dB/MHz]. The vertical
dashed red lines indicate the times at which the HIFU treatment was turned on and off (t =
0.2 s and 1.2 s). The yellow box vertically delineates the estimated spatial region where the

Kumon et al. Page 22

Ultrasound Med Biol. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lesion was formed based on examination of the macroscopic lesion (Fig. 2E) and
horizontally delineates the temporal duration from 0.5 s to 0.7 s after the HIFU was turned
off where the tissue has reached a quasi-stable state.
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Figure 4.
(A) Empirical receiver-operating characteristic (ROC) curves for accuracy of locally
predicted tissue ablation over all specimens (n = 12) for each analyzed parameter (dashed
lines) and its temporal extremum (solid lines). The curves are generated by plotting the true-
positive pixel fraction TPFtot versus the false-positive FPFtot of each parameter. The ROC
curves allow the relative assessment of each parameter’s ability to classify the lesion. Table
1 lists the corresponding area under the curve (AUC) for each curve shown. (B) Pixel
fraction identified as a function of the frame-to-frame decorrelation parameter for pixels in
the pre-HIFU region, including all specimens. Because no bubble activity should exist prior
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to HIFU exposure, this graph was used to propose a threshold for identification of bubble

activity of , where the pixel fraction goes to zero.
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Figure 5.
Example implementation of lesion- and bubble-activity marking algorithms for data in Figs.
2–4 (6100 W/cm2, 1 kHz PRF, 50% duty cycle 1 s exposure). (A) Cumulative maximum
change in integrated backscatter relative to initial state ΔIBS(z,t)max. The vertical dashed
red lines indicate the times at which the HIFU treatment was turned on and off (t = 0.2 s and
1.2 s). The yellow box vertically delineates the estimated spatial region where the lesion was
formed based on examination of the macroscopic lesion and horizontally delineates the
temporal duration from 0.5 s to 0.7 s after the HIFU was turned off. (B) Probable lesion area
marked by red binary mask of ΔIBS(z,t)max thresholded at 12 dB (optimal value from Table
1). (C) Line-to-line echo decorrelation parameter σ(z,t). (D) Areas of bubble activity or

motion marked by green binary mask of σ(z,t) thresholded at  (see description of
Fig. 5B). (E) Composite marked image of grayscale M-mode image (Fig. 2D) with red
lesion (Fig. 6B) and green bubble-activity (Fig. 6D) masks superimposed. Yellow pixels
occur where red and green pixels are coincident. (F) Photograph of macroscopic tissue
cross-section. The yellow vertical dashed line indicates the approximate location of the M-
mode line, while the dashed horizontal lines show the correspondence between the M-mode
and macroscopic lesion along the lesion boundaries.
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Figure 6.
Comparison of (A) marked M-mode image with corresponding (B) macroscopic lesion
image for HIFU exposure with the lower intensity of 2600 W/cm2, 1 kHz PRF, 50% duty
cycle, and 1 s exposure time. In the M-mode data, the vertical dashed red lines indicate the
times at which the HIFU treatment was turned on and off (t = 0.2 s and 1.2 s). The yellow
box vertically delineates the estimated spatial region where the lesion was formed based on
examination of the macroscopic lesion and horizontally delineates the temporal duration
from 0.5 s to 0.7 s after the HIFU was turned off. In the macroscopic lesion, the yellow
vertical dashed line indicates the approximate location of the M-mode line, while the dashed
horizontal lines show the correspondence between the M-mode and macroscopic lesion
along the lesion boundaries. The inset B-mode image is shown at 40% scale to the
macroscopic images.
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Table 1

Results of pixel-by-pixel lesion classification for parameters based on RF data analysis of all specimens (n =
12), including the area under the receiver-operating characteristic curves (ROC AUC) in Fig. 5A, the
maximum accuracy ACCmax. The temporal extrema (temp. max. or temp. min) of each parameter at each
spatial location were determined using Eq. (11). The listed uncertainties are standard deviations due to the
random variation of the specimens (Type A uncertainty).

Parameter Symbol ROC
AUC

ACCmax Threshold
θ0 at mean

ACCmax

IBS change (temp. max.) [dB] ΔIBSmax 0.91±0.04 0.85±0.08 12

Midband-fit change (temp. max.) [dB] ΔMmax 0.88±0.08 0.83±0.12 11

Intercept change (temp. max.) [dB] ΔImax 0.87±0.11 0.81±0.12 31

Line-to-line echo-decorrelation (temp. max.) σmax 0.85±0.08 0.83±0.07 1.3

Initial-to-current-line echo-decorrelation (temp. max.) σI max 0.84±0.07 0.82±0.09 1.5

Slope change (temp. min.) [dB/MHz] Δmmin 0.82±0.07 0.81±0.11 −0.50

Midband fit change [dB] ΔM 0.73±0.14 0.71±0.15 3.3

Intercept change [dB] ΔI 0.73±0.13 0.70±0.14 7.8

IBS change [dB] ΔIBS 0.72±0.13 0.71±0.14 3

Initial-to-current-line echo decorr. σI 0.70±0.14 0.72±0.17 0.80

Slope change [dB/MHz] Δm 0.68±0.11 0.67±0.15 −0.17
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Table 2

Accuracy of classification results for each specimen using the threshold ΔIBSmax = 12 dB, which corresponds
to the maximum accuracy ACCmax = 0.85 over all specimens.

Specimen
Number

Intensity
[W/cm2]

ACC

1 2600 0.88

2 2600 0.89

3 2600 0.92

4 4200 0.80

5 4200 0.90

6 4200 0.63

7 4200 0.91

8 4200 0.82

9 6100 0.85

10 6100 0.84

11 6100 0.87

12 6100 0.88
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