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Abstract

Liver cancer, including hepatocellular carcinoma and colorectal metastases, is the second

greatest cause of cancer-related death worldwide. Liver transplantation is considered the

gold standard for hepatic cancer treatment. However, it is limited by the availability of

liver donors and by cost. Hepatic resection is another treatment option that offers a high

long-term survival rate. However, the overall resectability rate is low due to chronic liver

disease and tumor location. Thermal ablation, including radiofrequency ablation as well as

microwave and ultrasound ablation, has become an important alternative to liver resection

and transplantation. To avoid incomplete treatments and cancer recurrence while reducing

morbidity, a real-time monitoring and control approach, capable of providing consistent

thermal ablation in minimal time, is needed.

Echo decorrelation imaging has been successfully employed to monitor ultrasound abla-

tion and radiofrequency ablation both ex vivo and in vivo. In this dissertation, its utility

for real-time control of ultrasound ablation was assessed in ex vivo bovine liver and in vivo

rabbit liver with VX2 tumor. Ultrasound exposures and echo decorrelation imaging were

performed using 5 MHz linear image-ablate array. Sonications were automatically ceased

when the minimum or average cumulative echo decorrelation within a control region of in-

terest (ROI) exceeded a predetermined threshold, corresponding to high specificity for pre-

diction of local tissue ablation or complete ROI ablation. Ablation outcomes, treatment time
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and prediction performance were statistically compared between controlled and uncontrolled

groups.

For controlling ex vivo focused ultrasound treatments, a small control ROI was placed

at the focal zone and the selected control threshold corresponded to 90% specificity of local

ablation prediction for preliminary ex vivo experiments. Controlled trials were compared to

uncontrolled trials employing 2, 5 or 9 therapy cycles. For controlling ex vivo unfocused ul-

trasound treatments, an optimization approach was developed to determine stopping criteria

for two series of controlled experiments using different echo decorrelation imaging feedback

parameters and sonication sequences. Controlled trials were compared with uncontrolled

trials employing 9 or 18 therapy cycles of matching sonication sequences. For controlling

in vivo focused and unfocused ultrasound treatments, the selected control threshold corre-

sponded to 90% specificity for tumor ablation prediction in previous in vivo experiments.

Controlled trials were compared with a previous series of uncontrolled in vivo experiments

employing focused and unfocused ultrasound ablation in rabbit liver and VX2 tumor.

In general, controlled trials resulted in higher ablation rate, smaller lesion dimensions

and treatment time compared to uncontrolled trials with longer duration. However, con-

trolled trials showed equivalent lesion dimensions and treatment time, but higher ablation

rate compared to uncontrolled trials with shorter duration. Better echo decorrelation pre-

diction capability was observed for controlled trials compared to uncontrolled trials with

shorter duration, but equivalent prediction performance was observed when compared to

uncontrolled trials with longer duration. For most controlled trials, integrated backscatter

imaging showed similar behavior to echo decorrelation for local ablation prediction. These

results indicate that control using echo decorrelation imaging may improve the reliability

and duration of ultrasound-guided focused and unfocused ultrasound ablation treatments.
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Chapter 1

Introduction

1.1 Liver cancer

Liver cancer is the second greatest cause of cancer-related death (788,000 deaths) world-

wide. According to American Cancer Society statistics [1], the expected number of liver

cancer patients and deaths in the United States for 2018 are 42,220 (30,610 in men and

11,610 in women) and 30,200 (20,540 in men and 9,660 in women), respectively. Also, it is

predicted that the incidence of liver cancer will increase by more than 50% from 2010 to

2020 in the United States [2]. Hepatocellular carcinoma (HCC) is the most common pri-

mary malignant tumor in liver, especially in patients with cirrhosis (70–90% of all cirrhosis

patients) [3, 4]. Liver cirrhosis due to chronic infections of hepatitis B or C virus [5], alco-

holism [6], or long-term fatty liver acts as a substrate for HCC development [7]. However,

hepatitis B patients (common in Asia and Africa) may also develop HCC in non-cirrhotic

liver, but at lower frequency [4]. HCC can be classified morphologically into three types [8, 9]:

nodular HCC usually found in cirrhotic liver as single or multiple encapsulated lesions, mas-

sive HCC usually found in non-cirrhotic liver as a large lesion with satellite nodules, and

diffuse HCC which is found as a large number of small nodules throughout the lobe or organ.
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Treatment and prognosis of HCC depend on the tumor stage and status of the resid-

ual liver function [10]. Regular screening is highly recommended for patients with liver

cirrhosis every 6 months using ultrasonography or tumor biomarkers (e.g., serum alpha-

fetoprotein [11]) to detect HCC early [12]. Patients with confirmed HCC are managed

according to the Barcelona Clinic Liver Cancer (BCLC) classification system [13], which

recommends the best treatment option for each stage. Based on the BCLC staging system,

patients are classified into early-stage, intermediate-advanced, and end-stage HCC. Liver

transplantation is considered the gold standard for HCC treatment for eligible patients (e.g.,

solitary tumor with normal portal pressure). Patients who are candidates for liver transplan-

tation should also fulfill the Milan criteria (one tumor with diameter ≥ 2 cm and ≤ 5 cm, or

maximum three tumors with diameters ≥ 1 cm and ≤ 3 cm). Following these criteria offers

a high post-transplantation 5-year survival rate (> 70%) and a low 5-year tumor recurrence

rate (< 25%) [3]. However, transplantation is limited by the availability of liver donors

and by cost. Another favorable therapeutic option for early-stage HCC patients with non-

cirrhotic liver is hepatic resection. Partial hepatectomy provides shorter waiting times [14]

and comparable 5-year survival rates (60–70%) [15] compared to transplantation. However,

the overall resectability rate (20–30%) is low due to a combination of underlying chronic

liver disease, tumor location (e.g., close to vascular structures or the diaphragm), and the

multifocal nature of some HCC [16].

The liver is also one of the most common sites for secondary tumors, e.g. colorectal

metastases (CLM). Prevalence of CLM is affected by the incidence of colorectal cancer,

the third most common cancer worldwide. Approximately 50% of patients with colorectal

cancer develop CLM [17]. Surgical resection is the gold standard for treating isolated CLM

in patients who are medically qualified for hepatectomy [18]. Partial hepatectomy for CLM
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provides < 5% mortality [18] with a 30–58% 5-year survival rate [19, 20]. However, the

number of CLM patients eligible for resection is < 20% due to unsuitable tumor locations

and impaired residual liver function [21]. Chemotherapy [22] and local ablation provide

alternative treatments for unresectable CLM tumors or can potentially act as a bridge to

CLM resection. Thermal ablation may also be employed to assist surgical resection [23, 24]

to reduce intraoperative blood loss and postoperative hospitalization [24]. In the following

section, various thermal ablation techniques are discussed.

1.2 Thermal ablation of liver cancer

Thermal ablation techniques are the most appropriate option for HCC patients who are

ineligible for transplantation or resection and with tumor size less than 3 cm, based on the

BCLC classification system. Thermal ablation may also provide a 5-year overall survival

rate equivalent to surgical resection (47.6% vs. 56.0%) for patients with small CLM [25].

Minimally invasive bulk thermal ablation, including laser interstitial thermotherapy [26],

radiofrequency ablation (RFA) [27], microwave ablation (MWA) [28], and high-intensity

ultrasound (US) (e.g., interstitial [29, 30], focused [31, 32], and unfocused [33]) ablation, is

an important treatment approach to unresectable primary and secondary liver tumors (e.g.,

HCC and CLM) [34, 35]. High-intensity focused ultrasound (HIFU) is a noninvasive thermal

ablation technique that is capable of producing coagulative necrosis at a precise focal point

within the tissue without harming overlying and adjacent structures, even for those within

the beam path [36], providing sufficient residual liver tissue for patient survival [37]. HIFU

has been employed to treat unresectable liver cancer in thousands of cases in China [38].

All thermal ablation techniques aim to rapidly elevate the tissue temperature above 60 ◦C,

resulting in thermal coagulative necrosis within a zone encompassing all tumor margins, to
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avoid incomplete treatment (e.g., in one RFA study, 48% of tumors close to large blood

vessels were treated incompletely [39]) and cancer recurrence (e.g., in a recent study, 14% of

RFA-treated malignant liver tumors developed local recurrence [40]). However, uncontrolled

ablation of large regions may also damage nearby critical liver structures (e.g., the hepatic

artery and portal vein). Therefore, real-time monitoring and control methods, capable of

providing consistent thermal ablation in minimal treatment time, could improve bulk thermal

ablation treatments. In the following section, different monitoring methods for thermal

ablation guidance are discussed.

1.3 Real-time monitoring methods for thermal ablation

Imaging modalities are needed for real-time monitoring of tissue changes during HIFU

or bulk thermal ablation. Magnetic resonance-guided HIFU (MRg-HIFU) and ultrasound-

guided HIFU (USg-HIFU) are the most commonly used platforms for HIFU treatment guid-

ance and control. MRg-HIFU has been used for monitoring and control of thermal ablation

using real-time MR thermometry [41, 42, 43, 44, 45]. However, MR imaging increases treat-

ment complexity and cost [46, 47]. USg-HIFU is more portable and inexpensive, while its

high frame rate, real-time capability potentially makes it more capable of ablating mobile

organs (e.g. liver [48, 49] and kidney [50, 51]).

Various monitoring algorithms have been developed to detect HIFU-induced thermal

lesioning based on ultrasound pulse-echo imaging, including B-mode [52, 53], M-mode [54],

backscatter [55, 56, 57], echo strain imaging [58], harmonic motion imaging (HMI) [59, 60, 61],

elastography [62], and acoustic radiation force imaging [63]. All these methods aim to provide

feedback on the progress of thermal treatment and to confirm the completeness of ablation.

However, these methods are sensitive to errors caused by the formation of microbubble clouds
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at the ablation site [64], the complex nonlinear dependency of tissue acoustic and viscoelastic

properties on temperature [65] and decorrelation of the backscattered signal caused by tissue

motion [66], bubble activity [54, 67], and heat-induced changes in tissue structure [68, 69, 70].

In clinical practice, RFA [71] and MWA [72] electrodes are typically placed in the target

region under US or X-ray image guidance. Most ablation devices offer only crude automatic

control, based on tissue electrical impedance or temperature measured at one or more an-

tenna tines [73], but cannot provide detailed spatial feedback on all points in the ablation

volume. As a result, RFA and MWA procedures rely heavily on operator skill, increasing

the risk of untreated tumor and therefore local cancer recurrence. Alternative image-guided

thermal ablation methods have been incorporated with US imaging [74, 75], computed to-

mography (CT) [76], and magnetic resonance imaging (MRI) [77, 78] for accurate therapy

guidance and control. Although MRI provides precise 3D temperature mapping [28], it re-

quires MR compatible tools [79], increasing treatment cost and complexity compared to US

imaging. CT has the additional disadvantage of ionizing radiation.

Currently, B-mode US is the most common imaging modality for guidance of bulk thermal

ablation, including RFA and MWA. Ultrasound imaging has advantages of being portable

and inexpensive, while its high frame rate is suitable for real-time monitoring of moving

organs like the liver [74]. Recent research efforts have used real-time US image fusion [80]

with MRI or CT images, as well as contrast-enhanced US (CEUS) imaging [81], aid tumor

margin visualization during treatment planning and assessment. However, the ability of

B-mode US to predict the extent of thermal ablation is limited by the formation of heat-

induced microbubble clouds (hyperechoic activity), causing acoustic shadowing and making

tumor boundaries difficult to visualize [82].
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1.4 Real-time control methods for thermal ablation

Real-time feedback control algorithms for HIFU and bulk thermal ablation based on

pulse-echo ultrasound imaging have been tested in previous research [55, 66, 83, 84, 85],

aiming to reduce treatment time and to enhance ablation accuracy [86].

For HIFU thermal ablation, Curiel et al. [66] evaluated the feasibility of using localized

HMI to monitor and control HIFU ablation in VX2 rabbit tumors in vivo. Treatments were

automatically stopped if the localized harmonic motion amplitude at the focus dropped

below a specified amplitude threshold in two consecutive measurements. This algorithm

was able to successfully control in 69% of the trials; echo decorrelation associated with

tissue state changes and motion was considered a source of error. Similarly, Sugiyama et

al. [83] used real-time localized motion imaging (LMI) as a feedback method to control

HIFU thermal lesion length in porcine liver. Their feedback control system successfully

provided lesion lengths close to their target (8–12 mm) with root-mean square error (RMSE)

of 2.51 mm. However, errors were found in the estimated lesions’ size and overtreatment

occurred due to system delay after ceasing the HIFU sonication. Qu et al. [87] improved the

LMI method by employing a dynamic cross-correlation window, which decreased the RMSE

of the estimated coagulation length to 1.69 mm during porcine liver ablation (N = 49), but

increased processing time for displacement estimation from 2.05± 0.05 s to 2.64± 0.36 s for

28 A-mode scan lines.

Recently, Takagi et al. [84] developed an approach for real-time monitoring and control of

HIFU treatment based on cross-correlation of ultrasound signals, similar to echo decorrela-

tion imaging. The cross-correlation coefficient between echo signals, calculated between the

target frame and the first (reference) frame was used to detect thermal coagulation during

HIFU treatments in chicken breast. HIFU exposures were automatically terminated when
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the average cross-correlation coefficient within a focal region of interest (ROI) fell below

a predetermined threshold. Feedback-controlled, HIFU treated samples were found to be

more homogeneously coagulated compared to uncontrolled cases. However, they noted that

further investigation is needed to determine the optimum coagulation threshold and to in-

crease the monitoring frame rate for better detection of tissue changes in the presence of

motion, boiling and cavitation. In addition, their approach of cross-correlating with a fixed,

pre-treatment reference frame may not be amenable to control of in vivo HIFU ablation,

where motion-induced decorrelation can be large [33, 88].

For bulk thermal ablation, Toshikuni et al. [85] have clinically demonstrated an RFA

monitoring approach using a real-time image fusion (RTIF) system. Tumor boundaries were

manually marked on a reference image (CT/CEUS/MRI), then automatically co-registered

with real-time US images used to monitor the RFA ablation. Fused B-mode images were used

to manually control the RFA, such that treatments were ceased when the hyperechoic region

covered the spherical marker boundaries in all directions. RTIF-controlled trials achieved

more effective treatment than uncontrolled trials. However, this approach is limited by its

use of local echogenicity as an ablation predictor, which can lead to inaccurate prediction of

RFA therapeutic effects [88, 89].

1.5 Echo decorrelation imaging

Echo decorrelation imaging [33, 88, 89, 90, 91] exploits the phenomenon of heat-induced

echo signal decorrelation to locally map heat-induced tissue changes, including irreversible

structural changes as well as transient microbubble activity, on millisecond time scales [70,

92]. This approach has been successfully employed to monitor HIFU and bulk US thermal

ablation [33] and RFA [88, 89, 92] both ex vivo and in vivo, and has been shown to predict
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local ablation more effectively than changes in echogenicity (e.g., integrated backscatter).

A method to extract heat-induced decorrelation from artifactual motion- and noise-induced

decorrelation has been shown feasible for monitoring of in vivo RFA [70]. Notably, the

same heat-induced decorrelation limits the utility of several other pulse-echo US imaging

methods such as elastography [93] and echo strain imaging [94, 95] to accurately characterize

tissue during thermal ablation [64, 66, 70] as described in the previous section. Although

such approaches have been demonstrated feasible for control of multiple-focus ultrasound

heating [96] as well as ultrasonic hyperthermia [97], heat-induced decorrelation may limit

their applicability to control of bulk thermal ablation.

Echo decorrelation images, comprising maps of the local echo decorrelation per millisec-

ond, were computed as [88]

∆(y, z, t) = 2

[
β2(y, z, t)− |R01(y, z, t)|2

τ
[
β2(y, z, t) + β2(t)

] ]
, (1.1)

where y and z are azimuthal (array) and range (depth) image coordinates and τ is the

inter-frame time in milliseconds. R01 is the position-dependent, zero-lag, windowed spatial

cross-correlation between two consecutive complex image frames, while β2(y, z, t) is an in-

tegrated backscatter (IBS) term determined from the corresponding autocorrelations of the

two frames:

R01(y, z, t) = 〈I(y, z, t)∗I(y, z, t+ τ)〉, (1.2)

β2(y, z, t) = 〈|I(y, z, t)|2〉〈|I(y, z, t+ τ)|2〉,

where 〈.〉 represents two-dimensional convolution with a Gaussian window [88], while β2

denotes the spatial mean average of β2(y, z, t). The echo decorrelation term in Eq. (1) was

normalized by the inter-frame time τ to define the echo decorrelation map per millisecond

[33] and by β2(y, z, t) and β2 to reduce decorrelation artifacts in hypoechoic and hyperechoic
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regions respectively [89]. More detailed derivation and analysis of echo decorrelation imaging

is given elsewhere [33, 70, 88, 89, 98].

Echo decorrelation maps were computed from image frames recorded immediately af-

ter each sonication cycle. For each cycle, an ensemble-averaged echo decorrelation map

∆(y, z,m) was computed as

∆(y, z,m) =
1

K − 1

K−1∑
k=1

∆(y, z, kτ), (1.3)

where m is the therapy cycle index, K is the number of image frames recorded per cycle,

and k is the frame index.

Cumulative echo decorrelation maps ∆(y, z,m)cum were defined as the accumulated tem-

poral maximum of the ensemble-averaged echo decorrelation maps for each pixel (y, z ):

∆(y, z,m)cum = max
(
∆(y, z,m− 1),∆(y, z,m)

)
. (1.4)

For comparison, ablation prediction using IBS imaging was also employed. IBS imaging

was previously tested for HIFU thermal ablation prediction by Zhong et al. [99]. Ensemble

averaged IBS maps (β(y, z,m)) for each therapy cycle were normalized by the cumulative

IBS map of the sham cycles (βsham) as defined previously in Fosnight et al. [33]. Cumulative

decibel-scaled IBS images were computed as

β(y, z,m) = 10 · log10

(
1

K−1

∑K−1
k=1 β(y, z, kτ)

βsham

)
, (1.5)

IBScum = max
(
β(y, z,m− 1), β(y, z,m)

)
(1.6)

where m is the therapy cycle index, K is the number of image frames recorded per cycle,

and k is the frame index.

Two-dimensional echo decorrelation imaging and US therapy were performed using

5 MHz, 64-element image-treat linear arrays with 4.8 × 24.4 mm2 aperture for all trials
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reported in the dissertation. The approximate region for imaging and treatment extended

from −12.2 < y < 12.2 mm in azimuth, 0 < z < 50.8 mm in range, and −2.4 < x < 2.4 mm

in elevation. Use of an image-treat transducer provided precise spatial registration between

2D echo decorrelation maps and treatment planes [100], allowing accurate feedback on ther-

mal ablation progression and facilitating accurate registration of US images with histologic

tissue sections.

1.6 Hypothesis and specific aims

The primary goal of the studies reported here was to develop a real-time closed-loop

approach to control HIFU and bulk US thermal ablation using echo decorrelation imaging

feedback ex vivo and in vivo.

The central hypothesis of the studies is that using echo decorrelation imaging feedback

for controlling US thermal ablation provides precise thermal lesioning with smaller treatment

time and better cell death prediction than uncontrolled US ablation. To test this hypothesis,

a comprehensive research plan was constructed and is summarized in the following specific

aims.

1.6.1 Specific Aim 1: Develop a real-time closed-loop algorithm
for US thermal ablation control

Specific Aim 1a: Evaluate the control algorithm in ex vivo HIFU thermal ablation

experiments. In this aim, the control algorithm was assessed in controlling HIFU thermal

ablation in ex vivo bovine liver. Controlled trials were compared with uncontrolled tri-

als employing the same sonication sequence, but with different numbers of therapy cycles.

The lesion dimension, treatment time, and ablation prediction ability of the controlled and

uncontrolled groups were statistically compared.
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Specific Aim 1b: Evaluate the control algorithm in ex vivo bulk US thermal ablation

experiments. The goal of this aim was to assess the control algorithm in controlling bulk US

ablation in ex vivo bovine liver.

1.6.2 Specific Aim 2: Optimize the echo decorrelation imaging
feedback for bulk US thermal ablation control

An optimization method was applied to select control criteria for two series of controlled

and uncontrolled ex vivo bulk US ablation experiments using different echo decorrelation

imaging feedback parameters. Ablation outcomes of the controlled trials were statistically

compared with matching uncontrolled trials.

1.6.3 Specific Aim 3: Evaluate the control algorithm in in vivo
HIFU and bulk US thermal ablation experiments

The goal of this aim was to test the feasibility of controlling HIFU and bulk US thermal

ablation in in vivo rabbit liver and VX2 tumor. This aim was completed by comparing

ablation outcomes and prediction capability for the controlled trials with the uncontrolled

trials reported by Fosnight et al. [33] in a similar in vivo study.

1.7 Dissertation organization

The rest of the dissertation is organized as follows.

Chapter 2 introduces the closed loop algorithm used to control thermal ablation using

echo decorrelation imaging feedback. The developed real-time control algorithm was evalu-

ated in ex vivo HIFU thermal ablation experiments (Specific Aim 1a). Controlled trials

were compared with uncontrolled trials with shorter or longer duration (2-cycle, 5-cycle,

and 9-cycle). Ablation outcomes and prediction capability were statistically tested for each

group.
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Chapter 3 describes the optimization approach developed to optimize the echo decorrela-

tion imaging feedback criteria for controlling ex vivo bulk US thermal ablation in two series

of experiment employing different sonication sequences (Specific Aim 2). The control al-

gorithm employing the optimized stopping criteria were evaluated in ex vivo bulk thermal

ablation experiments (Specific Aim 1b). Controlled trials were compared with uncon-

trolled trials with shorter or longer duration (9-cycle and 18-cycle). Ablation outcomes and

prediction capability were statistically tested for each group.

Chapter 4 demonstrates the feasibility to control HIFU and bulk US thermal ablation

in in vivo rabbit liver and VX2 tumor (Specific Aim 3). In this chapter, the stopping

criteria were modified to match the acoustical and anatomical characteristics of the in vivo

tissue. The motion and noise compensation method previously derived by Hooi et al. [70]

ws implemented to work simultaneously with the control algorithm. Controlled trials were

compared with uncontrolled trials from a similar in vivo study reported by Fosnight et al.

[33]. Ablation outcomes and prediction capability were statistically tested for each group.

Chapter 5 summarizes the results of the dissertation and suggests future research direc-

tions for ablation control by echo decorrelation imaging.
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Chapter 2

Real-time control of HIFU thermal ablation using echo

decorrelation imaging feedback

2.1 Objectives

High-intensity focused ultrasound (HIFU) is a potential therapeutic method for precise

ablation of unresectable liver cancer without damaging vital structures [35]. However, its

long treatment duration could be a problem, especially for patients with poor physical condi-

tion [101]. Hence, a real-time monitoring and control method capable of providing accurate

and precise thermal lesions, while minimizing treatment time, is needed.

Recently, ultrasound (US) echo decorrelation imaging was successfully validated in pre-

dicting HIFU thermal ablation in in vivo rabbit liver and VX2 tumor [33]. Also, its utility as

thermal coagulation feedback to control HIFU ablation was tested in ex vivo chicken breast

by Takagi et al. [84], to reduce treatment time and to provide homogeneous thermal lesion-

ing. However, it was noted that further investigation is needed to determine the optimum

coagulation threshold for better control performance.

In this chapter, the feasibility of controlling HIFU thermal ablation using 2D echo decor-

relation imaging was assessed with a view toward in vivo implementation. The echo decorre-

lation imaging approach employed here tracks changes in echo signals over millisecond-scale
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intervals, potentially providing more robust control than cross-correlation with a fixed refer-

ence frame [84]. The main goals of this chapter were to (i) implement an automated control

algorithm based on real-time echo decorrelation imaging; (ii) determine the optimum echo

decorrelation threshold for HIFU control; (iii) test the algorithm in ex vivo bovine liver

experiments; and (iv) statistically assess the effect of control on thermal lesioning results.

2.2 Materials and methods

In this section, materials and methods for a series of experiments on controlled ablation

of ex vivo liver tissue are discussed. In these experiments, both HIFU ablation and echo

decorrelation imaging were performed using a linear, 5 MHz image-treat array, with treat-

ments ceased after echo decorrelation exceeded a predetermined threshold throughout the

focal region of interest. An overview of the experimental setup is shown in Fig. 2.1(a)–(b).

2.2.1 Echo decorrelation feedback control algorithm

To control HIFU ablation using echo decorrelation imaging, a real-time, closed-loop con-

trol algorithm was developed. This algorithm was integrated with a real-time imaging appli-

cation used to compute B-mode and echo decorrelation images from beamformed radiofre-

quency (RF) echo signals acquired immediately after each sonication pulse, during the rest

period of the HIFU transducer, as shown in Fig. 2.1(d). For each cycle, an ensemble-averaged

echo decorrelation map was computed using Eq. 1.3. The cumulative echo decorrelation map

was defined as the accumulated temporal maximum of the ensemble-averaged echo decorre-

lation maps for each pixel (Eq. 1.4).

A flow chart of the control algorithm is shown in Fig. 2.1(c). The cumulative echo

decorrelation ∆(y, z,m)cum was used as a feedback predictor for closed-loop ablation con-

trol, qualitatively representing the time history of thermal energy deposition in the tissue.
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Figure 2.1: Experimental setup. (a) 64 element image-treat transducer aligned with ex vivo
bovine liver during the in vitro experiment, (b) schematic of the experimental setup, (c)
the developed real-time feedback control algorithm flow chart, (d) timing diagram of the
treatment scenario.

The imaging application overlaid the cumulative echo decorrelation map over the B-mode

image at the end of each sonication cycle, resulting in a frame rate of 0.344 Hz (inverse of

the 2.9 s cycle length). Treatments were automatically terminated when either the minimum

cumulative echo decorrelation within a focal ROI exceeded the predetermined ablation con-

trol threshold or when the current sonication cycle index m exceeded the maximum number

of sonication cycles M .
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2.2.2 HIFU ablation experiments

2.2.2.a Tissue handling and preparation

Tissue handling followed procedures employed in previous studies of echo decorrelation

imaging during ex vivo thermal ablation [89, 92]. A freshly excised bovine liver was obtained

from a local slaughterhouse and placed in ice-cold, deionized, degassed phosphate-buffered

saline (PBS). Liver tissue specimens were cut to fit a square cuboid acrylic cuvette with

dimensions 85 × 85 × 60 mm3 with an open top for ultrasound imaging and treatment, as

shown in Fig. 2.1(a). The tissue surface was covered with a layer of aqueous gel to couple the

specimen and transducer while avoiding tissue dehydration. Experiments were performed at

room temperature, with an average liver temperature of 21 ◦C measured before each trial.

2.2.2.b Treatment monitoring and control

HIFU treatments and imaging were controlled by the Iris 2 ultrasound imaging and

therapy system (Ardent Sound, Mesa, AZ, USA) [102]. A custom image-treat linear array

transducer (64 elements, 4.8 × 24.4 mm2 aperture, frequency 5–5.4 MHz; Ardent Sound,

Mesa, AZ, USA) performed both pulse-echo imaging (> 40% fractional bandwidth, transmit

focal depth 3.5 cm, F -number 4) and HIFU therapy (maximum acoustic power 35 W). This

array was integrated with a 23 mm water-filled standoff, filled with deionized, degassed

water. The Iris 2 system was interfaced with a secondary personal computer (PC) that

acquired beamformed RF echo signals using a 14-bit A/D converter (Compuscope 14200,

Gage Applied) and initiated HIFU sonications via a custom programmable serial interface.

A graphical user interface (GUI), shown in Fig. 2.2, faciliated treatment planning, moni-

toring, and control for HIFU therapy. Before each ablation experiment, the user defined the

maximum number of sonication cycles M , the ROI size/location, and the ablation control

threshold ∆thresh by parameters input to this GUI.
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For HIFU treatments, a series of electronically focused exposures were fired in cycles with

0.7 s sonication followed by pulse-echo imaging and RF data acquisition during a 2.2–2.8 s

rest period. The timing sequence of the HIFU exposures and echo data acquisition is shown

in Fig. 2.1(d). Immediately after each HIFU exposure, twenty beamformed echo frames were

acquired at a frame rate of 116 Hz. Echo data were sampled at 33.3 MHz and stored to a

solid-state flash hard drive.

Figure 2.2: GUI of the implemented Qt-based C++ application used for the HIFU thermal
ablation control and imaging; the controlling ROI is bounded by a yellow line.
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2.2.2.c Image processing

Recorded echo signals were filtered by a Hilbert-transform filter providing in-phase and

quadrature (IQ) complex signal components, then demodulated using a 5 MHz carrier fre-

quency and decimated by a factor of 6. Demodulated IQ frames were used to compute

B-mode images, maps of the local echo decorrelation per millisecond, and corresponding

ensemble-averaged and cumulative echo decorrelation maps for each cycle [33] in real-time.

In the GUI, instantaneous and cumulative echo decorrelation maps were superimposed on

B-mode images for each frame for real-time feedback, as shown in Fig. 2.2.

2.2.2.d Image segmentation and registration

To directly relate echo decorrelation images to the desired outcome of tissue ablation,

images were compared with tissue histology, as performed in many previous studies of ul-

trasound monitoring approaches (e.g., [45, 61, 103, 104]). After treatments, ablated liver

tissue was frozen overnight at −80 ◦C in the same cuvette, maintaining tissue shape and

orientation for accurate registration with ultrasound images. The tissue was then sectioned

along the image plane and stained with 2% triphenyl tetrazolium chloride (TTC) vital stain.

Ablated tissue histology was assessed based on TTC uptake, with regions of full TTC uptake

(stained red) interpreted as non-ablated liver tissue and regions of partial or no TTC uptake

interpreted as ablated tissue [105]. TTC-stained sections were optically scanned at 1200 dpi

(CanoScan 8800F, Canon, Tokyo, Japan). Scanned histologic images were then manually

segmented into ablated and non-ablated regions as in [33].

Image registration of segmented tissue sections with corresponding B-mode images was

performed using 2D rigid registration with 3 degrees of freedom (two translations and one

rotation), as done previously [33]. Landmark points placed at the left, right and top edges
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of the HIFU lesion were used to center the histologic section at zero azimuth of the B-

mode image. At the same time, the histologic section was rotated and translated to align

with the segmented tissue surface on the B-mode image. Registration errors were estimated

based on the vertical (range/depth direction) distance between the proximal tissue surfaces

segmented on the B-mode and histologic images. Mean and root-mean-square (RMS) values

of this distance, as well as the 95% confidence interval of the mean, were determined over

all proximal boundary points from all controlled and uncontrolled trials.

2.2.2.e Assessment of thermal ablation prediction

The capability of echo decorrelation and integrated backscatter (IBS) imaging to pre-

dict local tissue ablation was assessed using receiver operating characteristic (ROC) curve

analysis, as performed previously [33, 88]. For ROC curve analysis, cumulative echo decor-

relation maps were computed using MATLAB (The MathWorks, Natick, MA, USA), includ-

ing correction for decorrelation associated with electronic noise and tissue motion [33, 70].

ROC curves were computed by comparing thresholded cumulative echo decorrelation and

IBS maps to histologic binary masks for each trial [33, 88], plotting the true-positive ratio

(Sensitivity = TP/(TP+FN)) versus the false-positive ratio (1−Specificity = FP/(FP+TN))

over all image pixels and the entire range of echo decorrelation cutoffs [106]. In these ex-

pressions, TP (true positives) is the number of correctly predicted ablated points, FP (false

positives) is the number of incorrectly predicted unablated points, TN (true negatives) is the

number of correctly predicted unablated points, and FN (false negatives) is the number of

incorrectly predicted ablated points. Area under the ROC curve (AUC) was computed using

the trapezoidal rule; an AUC value of 1 represents the best possible prediction performance

while a value of 0.5 indicates no predictive capability [106]. For each ROC curve, the optimal

threshold for predicting local tissue ablation was determined as the cutoff value nearest to
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the top-left corner of the ROC curve (i.e., a value simultaneously maximizing sensitivity and

specificity) [107].

AUC values were tested for statistical significance against the null hypothesis (AUC =

0.5) using a general model for the AUC standard error [106] (one-tailed, significance criterion

p < 0.05). The statistical significance of differences between AUC values was tested using

the method of DeLong et al. [107, 108] (significance criterion p < 0.05, two-tailed). To

account for non-independence of predictions for closely located pixels, statistical tests of AUC

were adjusted using effective sample sizes determined from the maximum packing density

(hexagonal packing) of circular windows with diameter matching the spatial resolution of

echo decorrelation images (d = 2.355 mm for a Gaussian correlation window width σ =

1.0 mm) [33, 88].

2.2.3 Determination of ablation control threshold

The echo decorrelation threshold employed for controlled HIFU exposures was determined

using a process outlined by Fosnight et al. [33] in an in vivo study of echo decorrelation

imaging during ultrasound ablation. For this purpose, a set of preliminary HIFU ablation

experiments was performed without use of the control algorithm. HIFU thermal ablation

trials (N = 13) were carried out on fresh ex vivo bovine liver using the experimental setup

and methods described above.

In each of the ablation trials, nine HIFU sonication cycles (20% duty cycle, 5.4 MHz

frequency, as in the in vivo study reported by Fosnight et al. [33]) were performed using

continuous-wave, high-intensity pulses, electronically focused along the array axis 2 mm be-

low the tissue surface with 803–1125 W/cm2 in situ spatial-peak, temporal-peak intensity

(ISPTP). ISPTP was calculated as described previously [33]. For each cycle, the array was

fired for 0.7 s (HIFU on) followed by a 2.8 s rest period during which pulse-echo images were

acquired. Using simulations, temperatures in the focal plane were predicted for ex vivo liver
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tissue using previously reported methods and parameters [100], assuming 0.5 dB/cm/MHz

absorption, 21 ◦C initial temperature, and no perfusion. According to these simulations, one

sonication cycle was sufficient to achieve ablative temperatures in all cases. For the lowest

HIFU exposure intensity employed (5.4 MHz, 20% duty cycle, 803 W/cm2 ISPTP), the max-

imum estimated tissue temperature after one sonication cycle was 74 ◦C), while maximum

tissue temperature reached the boiling point (100 ◦C) after two sonication cycles. Before the

therapy cycles of each trial, nine sham sonications were employed to estimate decorrelation

caused by electronic noise and tissue motion; this estimated artifactual decorrelation was

then used to compensate decorrelation maps during the HIFU treatment [33, 70].

Treated tissue was sectioned, stained, and segmented and ROC curves were computed

as described above. The sensitivity and specificity of pixel-by-pixel ablation prediction were

determined as a function of the echo decorrelation threshold, and the control threshold was

chosen as that producing 90% prediction specificity.

2.2.4 Controlled HIFU experiments

To test the performance of echo decorrelation imaging feedback for controlling HIFU ther-

mal ablation, a series of experiments was carried out over a range of sonication intensities

and exposure durations. The real-time closed loop algorithm described above was imple-

mented to control the array therapy module (ATM) of the Iris 2 system using the Qt-Serial

library. Code specifying each HIFU exposure, including amplitude, phasing, and timing,

was sent to a custom serial interface module by a standard serial communication protocol

(RS232, 115200 bps, 8N1) and stored in the buffer memory of the serial interface module

before being sent to the ATM for execution. Sonications were repeated by sending a serial

command to the serial interface module to execute currently stored therapy code.

A small ROI of 1 × 1 mm2 was selected and located 2 mm below the tissue surface

within the focal zone, as shown in Fig. 2.2. The control ROI was chosen to be smaller than
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the spatial resolution of the echo decorrelation map, estimated as 2.35 mm for the Gaussian

window employed here [88]. This ensured that decorrelation values computed within this ROI

characterized echo changes at the focal position. A larger ROI could increase the possibility

of false-positive ablation predictions due to any artifacts. To examine the effect of ROI

size on the control algorithm, a post hoc analysis was performed on the cumulative echo

decorrelation maps from all controlled trials. Means and standard errors of the minimum

echo decorrelation inside square ROIs of different diameters (1–10 mm) were computed. To

compare with approaches employing average decorrelation within an ROI [84], means and

standard errors of the average decorrelation within the same ROIs were also computed.

HIFU exposures (5.0 MHz, 24% duty cycle) were performed with ISPTP in situ ranging

from 1064–1385 W/cm2, with each therapy cycle comprising 0.7 s HIFU sonication followed

by a 2.2 s rest period including pulse-echo imaging. The rest period corresponded to the

time elapsed during acquisition of RF echo signals (0.5 s), transfer of echo data (0.4 s),

computation of echo decorrelation and B-mode images (1.0 s), and firing of the next therapy

cycle (0.3 s). Simulations showed a small increase in overall heating rate, compared to the

2.8 s rest period used in the preliminary experiments. After each cycle, echo decorrelation was

computed; treatment was then continued if decorrelation failed to exceed its predetermined

control threshold throughout the ROI, up to a maximum of M = 18 cycles. After each

cycle, echo decorrelation was computed; treatment was then continued if decorrelation failed

to exceed its predetermined control threshold throughout the ROI, up to a maximum of

M = 18 cycles (twice the maximum number of cycles from a previous in vivo study of echo

decorrelation imaging [33]). This procedure was followed for a total of 10 controlled ablation

trials.

For comparison, series of uncontrolled HIFU ablation trials (5.0 MHz, 24% duty cycle)

were also performed. The maximum number of uncontrolled therapy cycles was selected to

be 9, corresponding to the number previously found sufficient to ensure in vivo ablation of
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both rabbit liver and VX2 tumor [33, 98]. A total of 10 uncontrolled trials were performed

using this maximum duration (total time 26.1 s for 9 cycles). An additional 10 uncontrolled

trials were performed employing 5 therapy cycles (14.5 s), corresponding to the average

sonication time required in the preliminary HIFU trials (N = 13) for the cumulative echo

decorrelation to exceed the selected ablation control threshold throughout the ROI. Based on

the initial controlled trials results, the sonication time required to reach the predetermined

decorrelation threshold was found to vary from 1–3 cycles (2.9–8.7 s), with an average of

2 cycles (5.8 s). Hence, a third uncontrolled group (N = 10) was added to represent the

average sonication time of the controlled trials, equal to 5.8 s (2 cycles).

After tissue sectioning, staining, registration, and segmentation as described above, ther-

mal lesions for each trial were characterized by their width, area, depth and ablation rate,

computed in MATLAB based on the binary maps of segmented tissue ablation. The lesion

depth was measured as the vertical distance from the tissue surface to the deepest ablated

point along the array axis (zero azimuth on the ultrasound images). The lesion width was

measured as the azimuthal extent of ablated tissue along the horizontal (azimuthal) line

taken at half the measured lesion depth. The lesion area was computed as the total area

occupied by pixels mapped as ablated tissue. Ablation rate was defined as the measured

lesion area per unit treatment time.

Statistical analysis was done using R software (R Foundation, Vienna, Austria). Means

and standard errors of the lesion width, depth, area and ablation rate were computed for

all groups. The normality of the width, depth and area for all groups was tested using

the Shapiro-Wilk test with the significance criterion p < 0.05. For normally distributed

groups, analysis of variance (ANOVA) was applied to test the hypothesis of no difference in

means (significance criterion p < 0.05). If significant, a post hoc Tukey’s honest significance

difference (HSD) test was carried out for multiple comparison of means. For non-normally

distributed groups, a Kruskal-Wallis rank sum test [109] (significance criterion p < 0.05) was
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conducted to test the hypothesis of no median difference, followed by Dunn’s test [110] for

multiple pairwise comparisons with Bonferroni adjustment [111]. Equality of variances was

tested statistically using the Bartlett test for the normally distributed groups and the Levene

test for the non-normally distributed groups. The average treatment time of the controlled

group was tested against the fixed treatment times of 5-cycle and 9-cycle uncontrolled groups

using one-sample t-tests (two-tailed, significance criterion p < 0.025 including Bonferroni

correction).

To test the performance of echo decorrelation and IBS imaging for predicting local ther-

mal ablation in the controlled and uncontrolled trials, ROC curves and AUC values were

computed for each group by the same method described above. The significance difference of

AUC values against the null hypothesis (AUC = 0.5) and against each other (controlled vs

uncontrolled groups) were tested as described in the previous subsection. Also, differences

between AUC values for ablation prediction using echo decorrelation and IBS imaging were

tested statistically using DeLong’s method for area under correlated ROC curves [108]. Cal-

culations of z statistics (two-tailed, significance criterion p < 0.05) were done in R using the

pROC package [112]. Thereafter, z scores were adjusted based on the effective number of

independent predictions, as described previously in Fosnight et al. [33] and Section 2.2.2.e,

to compute the effective p value.

The capability of echo decorrelation and IBS imaging to predict ablated tissue area

was evaluated for all groups. Predicted areas for echo decorrelation and IBS imaging were

computed as the total area occupied by pixels with echo decorrelation values greater than a

certain cutoff for a range of decorrelation (log10-scaled decorrelation per ms: −4 to −1) and

IBS (−5 to 20 dB) cutoffs. RMS errors between predicted and measured lesion areas were

calculated across all trials of all groups (N = 40). Optimal decorrelation and IBS cutoffs

were determined as these corresponding to minimum RMS errors. At these optimal cutoffs,

absolute RMS errors between predicted and measured areas were computed for each group.
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Also, normalized RMS error (NRMSE) was computed for each group as a ratio between the

absolute RMS error and the RMS value of the measured ablated area.

2.3 Results

Based on results of the preliminary experiments designed to determine the ablation con-

trol threshold, an ROC curve was computed to test the performance of echo decorrelation

imaging as a predictor of local tissue ablation. Echo decorrelation imaging predicted local

ablation significantly better than chance (AUC = 0.941, p < 10−16). The sensitivity and

specificity of local ablation prediction using echo decorrelation imaging are plotted as a func-

tion of the echo decorrelation threshold in Fig. 2.3. The echo decorrelation threshold for the

controlled ablation experiments was selected as ∆thresh = −2.7 (log10-scaled decorrelation

per ms) to achieve the prescribed specificity of 90% in the preliminary experiments. The

corresponding sensitivity of ablation prediction at this threshold was 83%.

In the 10 controlled HIFU trials, successful control was achieved in all 10 cases. That

is, in all 10 cases, the echo decorrelation threshold of −2.7 (log10-scaled decorrelation per

ms) was reached throughout the focal ROI. The number of cycles required to reach this

threshold ranged from 1 cycle (0.7 s sonication time or 2.9 s total therapy time) to 3 cycles

(2.1 s sonication time or 8.7 s total therapy time). The mean number of cycles required

for successful control was 2 (1.4 s sonication time or 5.8 s total therapy time), equal to the

duration for the 2-cycle group (5.8 s therapy time) but significantly smaller than the 5-cycle

group (14.5 s, p = 1.8 · 10−7) or the 9-cycle group (26.1 s, p = 1.0 · 10−10).

Means and standard errors of minimum (∆min) and average (∆avg) cumulative echo decor-

relation values within ROIs of diameter 1–10 mm from all controlled trials are shown in Fig.

2.4. The mean of ∆min exceeded the selected ablation threshold ∆thresh in the 1×1 mm2 ROI

(mean ± standard error −2.23± 0.13) only. However, the mean of ∆avg exceeded ∆thresh in

ROIs of size 1× 1 mm2 (−2.02± 0.098) to 5× 5 mm2 (−2.6± 0.116).
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Figure 2.3: Plotted are log10-scaled echo decorrelation ablation prediction sensitivities and
specificities calculated for the (N = 13) HIFU exposures in ex vivo liver; the blue line
represents the ablation control threshold.

Figure 2.4: Plotted are means and standard errors of minimum (∆min) and average (∆avg)
cumulative echo decorrelation values within different ROI sizes for the controlled group; the
blue line represents the ablation control threshold.
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Representative ablation results from the controlled HIFU ablation trials, as well as from

uncontrolled comparison trials, are shown in Fig. 2.5. For each of eight trials, the cumulative

corrected echo decorrelation and IBS maps are shown superimposed on a B-mode image

from the end of the trial, together with a co-registered map of the vitally stained, segmented

tissue histology. Left and right columns show results from trials ablated with average and

maximum acoustic powers 26.6 W (in situ intensity ISPTP = 1192 W/cm2) and 31 W (ISPTP =

1385 W/cm2) respectively. Rows show two representative trials for the controlled (a, b), 2-

cycle (c, d), 5-cycle (e, f) and 9-cycle (g, h) groups. In the TTC-stained tissue sections (left),

red and green lines indicate segmented tissue boundaries and ablated regions respectively.

In each echo decorrelation image (middle), the log10-scaled ablation control threshold −2.7

(log10-scaled decorrelation per ms) is indicated by a yellow dashed line, while white lines

indicate tissue boundaries segmented from the B-mode images. In each IBS image (right), the

dB-scaled threshold (3.3 dB) corresponding to 90% specificity, for local ablation prediction,

calculated from the preliminary experiments (N = 13), is indicated by a yellow dashed line.

The RMS image registration error measured for all controlled and uncontrolled trials was

0.67 mm, while the mean registration error was 0.52 mm with a 95% confidence interval of

0.47–0.57 mm. Lesion dimensions (width, depth, and area) of the representative trials are

close to the reported means for each group, as shown in Fig. 2.7(a)–(d).

ROC curves computed for the four experimental groups are shown in Fig. 2.6 for echo

decorrelation (a) and IBS (b) local ablation prediction, respectively. Statistical results for

pair-wise AUC comparisons between all groups for echo decorrelation and IBS imaging are

shown in Table 2.1. For echo decorrelation ablation prediction (Fig. 2.6(a)), all AUC val-

ues were significantly greater than chance, including the controlled group (AUC = 0.952,

p < 10−16) as well as the 5-cycle (AUC = 0.976, p < 10−16), 9-cycle (AUC = 0.979,

p < 10−16), and 2-cycle (AUC = 0.722, p = 0.012) uncontrolled groups. No significant

differences occurred between AUC values for the controlled, 9-cycle, and 5-cycle groups
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Figure 2.5: Representative histologic and ultrasound images for the controlled and uncon-
trolled HIFU thermal ablation trials. Each panel shows the vital-stained histologic section
(left), the log10-scaled corrected cumulative echo decorrelation (middle), and the dB-scaled
cumulative IBS (right) for one trial from the controlled (a, b), 2-cycle (c, d), 5-cycle (e, f)
and 9-cycle (g, h) groups. Left and right columns represent trials employing the average and
maximum acoustic intensities respectively. Lesion dimensions (width/depth/area) are close
to the reported means for each group. The white line indicates tissue boundaries segmented
in the B-mode images. In the echo decorrelation images, the control threshold for ablation
prediction (log10-scaled echo decorrelation per millisecond: −2.7) is represented by the yel-
low dashed line. In the IBS images, the threshold for 90% specificity of ablation prediction in
preliminary experiments (IBS threshold 3.3 dB) is represented by the yellow dashed line. In
the tissue sections, the red and green boundaries indicate the segmented tissue and ablated
regions.
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(p > 0.3). However, the 2-cycle uncontrolled group had a significantly smaller AUC value,

corresponding to poorer predictive capability, compared to the controlled (p = 0.042), 5-

cycle (p = 0.014), and 9-cycle (p = 0.012) groups. For IBS ablation prediction (Fig.

2.6(b)), all AUC values were significantly greater than chance, including the controlled group

(AUC = 0.930, p = 1.1 · 10−11) as well as the 5-cycle (AUC = 0.981, p < 10−16), 9-cycle

(AUC = 0.990, p < 10−16), and 2-cycle (AUC = 0.839, p = 2.8 · 10−5) uncontrolled groups.

AUC for the controlled group was statistically equivalent to the 5-cycle, 9-cycle, and 2-cycle

uncontrolled groups (p > 0.3). Similarly, 5-cycle and 9-cycle uncontrolled groups had sta-

tistically equivalent prediction capability (p = 0.795). The uncontrolled 2-cycle group had a

marginally smaller AUC value than the 5-cycle (p = 0.109) and 9-cycle (p = 0.079) groups.

Statistical results for comparisons between AUC values for echo decorrelation and IBS imag-

ing showed equivalent prediction capability for the controlled, 2-cycle, 5-cycle, and 9-cycle

groups (p > 0.2).

Optimal thresholds for local ablation prediction and their corresponding sensitivities

and specificities for echo decorrelation and IBS imaging are summarized in Table 2.2. For

the controlled group, echo decorrelation imaging had slightly higher specificity and lower

sensitivity for ablation prediction compared to IBS. However, for all uncontrolled trials, IBS

had higher sensitivity and specificity than echo decorrelation imaging for prediction of local

tissue ablation.

The optimal threshold for prediction of ablated areas (N = 40) using echo decorrelation

imaging was−1.8 (log10-scaled decorrelation per ms), corresponding to a minimum RMS area

error of 5.51 mm2. For integrated backscatter imaging, the threshold was 13.2 dB, corre-

sponding to a minimum RMS area error of 5.84 mm2. For echo decorrelation area prediction,

RMS error and NRMSE were 4.32 mm2 (87.9%) for the controlled group, 6.48 mm2 (92.4%)

for the 5-cycle group, 5.29 mm2 (56.9%) for the 9-cycle group, and 5.72 mm2 (99.4%) for

the 2-cycle group. For IBS area prediction, RMS error and NRMSE were 4.16 mm2 (84.6%)
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Figure 2.6: ROC curves showing performance of (a) echo decorrelation and (b) IBS imaging
as an ablation predictor for each group.

Table 2.1: Results of two-tailed z tests comparing AUC
values for echo decorrelation and IBS prediction of local
ablation for all HIFU groups.

Echo decorrelation imaging
Controlled 5-cycle 9-cycle

5-cycle −0.40 (0.690)
9-cycle −0.47 (0.641) −0.07 (0.944)
2-cycle 2.04 (0.042) 2.45 (0.014) 2.53 (0.012)

IBS imaging
5-cycle −0.73 (0.468)
9-cycle −0.90 (0.368) −0.26 (0.795)
2-cycle 0.861 (0.389) 1.60 (0.109) 1.76 (0.079)

30



Table 2.2: Optimal ablation prediction threshold and corre-
sponding sensitivities and specificities for echo decorrelation
(log10-scaled per ms) and IBS (decibel-scaled) imaging for the
four HIFU experimental groups.

Echo decorrelation imaging
Groups Controlled 5-cycle 9-cycle 2-cycle

Optimum threshold −3.3 −2.9 −3.0 −4.3
Sensitivity (%) 87.7 91.6 93.3 58.8
Specificity (%) 91.9 92.5 94.6 79.9

IBS imaging
Groups Controlled 5-cycle 9-cycle 2-cycle

Optimum threshold 1.6 3.9 5.1 0.8
Sensitivity (%) 89.8 95.9 97.1 73.8
Specificity (%) 91.7 95.1 96.0 86.2

for the controlled group, 7.61 mm2 (108.4%) for the 5-cycle group, 6.18 mm2 (66.5%) for the

9-cycle group, and 4.80 mm2 (83.4%) for the 2-cycle group.

Statistics of segmented lesion dimensions for controlled and uncontrolled trials are shown

in Fig. 2.7(a)–(d). For lesion width (Fig. 2.7(a)), means ± standard errors were 1.29 ±

0.10 mm for the controlled group, 1.89 ± 0.09 mm for the 5-cycle group, 2.40 ± 0.11 mm

for the 9-cycle group, and 1.01 ± 0.08 mm for the 2-cycle group. The lesion width passed

the Shapiro-Wilk normality test (p > 0.05). The null hypothesis of the ANOVA test was

rejected (p = 1.3 · 10−11), indicating a significant difference among lesion widths for the four

groups. Pairwise comparisons of mean lesion widths from the Tukey HSD test are shown

in Table 2.3. The controlled group had significantly smaller mean lesion width than the

5-cycle or 9-cycle uncontrolled groups, but statistically equivalent lesion width compared to

the 2-cycle uncontrolled group. The mean width of the 9-cycle group was significantly larger

than the 2-cycle and 5-cycle groups, while the mean width of the 5-cycle group was also

significantly larger than the 2-cycle group. Results of the Bartlett test showed no significant

difference between variances of the lesion width among all groups (p = 0.892).
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For the lesion depth (Fig. 2.7(b)), mean ± standard error values were 4.39±0.31 mm for

the controlled group, 4.28 ± 0.30 mm for the 5-cycle group, 4.66 ± 0.24 mm for the 9-cycle

group, and 6.28 ± 0.49 mm for the 2-cycle group. The null hypothesis of the Shapiro-Wilk

test was rejected (p = 4.5·10−3), indicating a non-normal data distribution. Median ablation

depths for the controlled, 5-cycle, and 9-cycle groups were not significantly different based

on the Kruskal-Wallis rank-sum test (p > 0.05). Median depth for the 2-cycle group was

not significantly larger than the 9-cycle group (p = 5.9 · 10−2), but was significantly larger

than the controlled group (p = 7.1 · 10−3) and the 5-cycle group (p = 4.2 · 10−3). Results

of the Levene test indicated no significant difference in the lesion depth variance among all

four groups (p = 0.218).

For the segmented lesion area (Fig. 2.7(c)), mean ± standard error values were 4.8 ±

0.47 mm2 for the controlled group, 7.0± 0.56 mm2 for the 5-cycle group, 9.3± 0.58 mm2 for

the 9-cycle group, and 5.6±0.61 mm2 for the 2-cycle group. Lesion area passed the normality

test (p > 0.05). The ANOVA test indicated a significant difference among the lesion areas for

all groups (p = 9.31 · 10−6). Pairwise comparisons of mean lesion areas from the Tukey HSD

test are shown in Table 2.4. As for the lesion width, controlled trials had mean lesion area

significantly smaller than the 5-cycle or 9-cycle uncontrolled trials but statistically equivalent

to the 2-cycle uncontrolled trials. Mean lesion area for the 9-cycle uncontrolled group was

also significantly larger than the 2-cycle and 5-cycle uncontrolled groups. Variances of lesion

area were not significantly different among the four groups (p = 0.807).

Table 2.4: Results of unpaired, two-tailed t-tests comparing
measured thermal lesion areas (t statistic (p value)).

Controlled 5-cycle 9-cycle
5-cycle 2.84 (0.036)
9-cycle 5.72 (9.5·10−6) 2.88 (0.032)
2-cycle 1.06 (0.714) 1.77 (0.302) 4.66 (2.4·10−4)
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Figure 2.7: Means and standard errors of lesion (a) width, (b) area, (c) depth and ablation
rate. (∗ p < 0.05, ∗∗ p < 10−2, and ∗∗∗ p < 10−3)

Table 2.3: Results of unpaired, two-tailed t-tests comparing
thermal lesion widths (t statistic (p value)).

Controlled 5-cycle 9-cycle
5-cycle 4.33 (6.3 · 10−4)
9-cycle 8.01 (<10−16) 3.67 (0.004)
2-cycle −2.05 (0.188) 6.38 (1.3·10−6) 10.06 (<10−16)
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For the ablation rate (Fig. 2.7(d)), mean ± standard error values were 52.9±5.8 mm2/min

for the controlled group, 29.1± 2.3 mm2/min for the 5-cycle group, 21.4± 1.4 mm2/min for

the 9-cycle group, and 58.2±6.3 mm2/min for the 2-cycle group. The null hypothesis of the

Shapiro-Wilk test was rejected (p = 7.0 · 10−4), indicating a non-normal data distribution.

Median ablation rates for the controlled, 5-cycle, 9-cycle and 2-cycle groups were significantly

different based on the Kruskal-Wallis rank-sum test (p = 3.4 · 10−6). Median ablation rate

for the controlled group was not significantly less than the 2-cycle group (p > 0.05), but was

significantly larger than the 5-cycle group (p = 0.028) and the 9-cycle group (p = 6.5 · 10−5).

Median ablation rate for the 2-cycle group was significantly larger than the 5-cycle group

(p = 0.012) and the 9-cycle group (p = 1.9 · 10−5).

Results of the Levene test indicated significant difference in the lesion ablation rate

variance among all four groups (p = 0.048). The controlled group had significantly greater

variances than the uncontrolled 5-cycle (p = 0.012) and 9-cycle (p = 2.0 · 10−4) groups. The

uncontrolled 2-cycle group had significantly greater variances than the uncontrolled 5-cycle

(p = 6.3 · 10−3) and 9-cycle (p = 9.2 · 10−5) groups. Variance for the controlled group

was slightly smaller but statistically equivalent compared to the 2-cycle uncontrolled group.

Also, there was no significant difference between the variances of the 9-cycle and 5-cycle

uncontrolled groups.

2.4 Discussion

This chapter evaluated the potential of echo decorrelation imaging as a feedback approach

for real-time control of HIFU thermal ablation in ex vivo bovine liver. Our methods and

results can be compared with a similar recent study, in which Takagi et al. [84] controlled

HIFU exposures in ex vivo chicken breast. In that study, tissue coagulation was detected in

real-time during HIFU treatment by computing the cross-correlation of echo signals during

HIFU treatment with reference signals recorded before treatment. In contrast to the study
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reported here, Takagi et al. used separate transducers for therapy (1.25 MHz, 128 element,

geometrically focused HIFU array) and for imaging (3 MHz sector-format array placed in

the center of the HIFU array). They computed cross-correlation maps over longer time

scales (minimum 0.3 s, maximum > 5 s inter-frame time between cross-correlated frames),

compared to the short time scales (8.6 ms inter-frame time) employed for decorrelation

computations here. They also employed larger dimensions for the control ROI (10×10 mm2

vs 1× 1 mm2). They observed more homogeneous multi-focal lesions when using treatment

feedback control with correlation-coefficient thresholds 0.7 or 0.8, compared to the threshold

of 0.9. Average exposure times for each focal lesion were found to range from 4.5–7.8 s for

controlled exposures using correlation-coefficient thresholds 0.7, 0.8, and 0.9, comparable

to the average exposure time for the controlled group here (5.8 ± 1.9 s). They noted the

need for more systematic investigation of optimal control thresholds to judge complete tissue

coagulation. Notably, the large inter-frame time used for cross-correlation calculations used

in their method can be expected to lessen the specificity of ablation detection in the presence

of tissue motion in vivo.

Based on the preliminary ex vivo experiments reported here (N = 13), the echo decorre-

lation threshold to achieve 90% specificity in predicting local liver ablation was found to be

−2.7 (log10-scaled decorrelation per ms). Analogous thresholds for 90% specificity prediction

of in vivo ultrasound ablation were found by Fosnight et al. [33] to be −2.9 for rabbit liver

parenchyma and −2.3 for VX2 tumor within rabbit liver. Sensitivity of local ablation predic-

tion in the preliminary ex vivo experiments reported here was 83% at this control threshold,

higher than the corresponding sensitivities found previously for both ablated liver (65%)

and VX2 tumor (43%) in vivo [33]. These discrepancies may be associated with differences

between ex vivo and in vivo ablation, including changes in thermal energy deposition due

to blood perfusion and tissue motion. Consequently, longer sonication times [113] may be
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required for feedback-controlled HIFU ablation in vivo employing the decorrelation thresh-

olds determined here. Other considerations for in vivo and clinical controlled ablation are

described later in this section.

ROC curves for ablation prediction by echo decorrelation imaging, shown in Fig. 2.6(a),

are consistent with previous studies on echo decorrelation monitoring of HIFU thermal ab-

lation [33, 54], with statistically significant prediction of local tissue ablation in every case.

Notably, the overall AUC value for controlled HIFU ablation trials (0.952) was significantly

higher than for the uncontrolled 2-cycle group (0.722), even though the average sonication

time was the same for both groups (5.8 s). The likely reason is that for controlled trials, the

minimum cumulative echo decorrelation ∆(y, z,m)cum within the ROI exceeded the control

threshold ∆thresh, chosen to predict local ablation with 90% specificity, in every case. How-

ever, in the 2-cycle group, six of the ten trials failed to meet this threshold within the same

ROI. A representative ablation result from a 2-cycle trial failing to meet this threshold is

shown in Fig. 2.5(c). In contrast, the AUC value for the controlled group was slightly lower

but statistically equivalent to that for the 5-cycle and 9-cycle groups (AUC = 0.976 and 0.979

respectively). For the 5-cycle and 9-cycle groups, the minimum ∆(y, z,m)cum within the ROI

exceeded ∆thresh in all cases, resulting in effective ablation prediction. In addition, the larger

lesion areas obtained from longer HIFU exposures resulted in fewer false-positive predictions

of local ablation at focal zone, thus slightly increasing AUC for these groups. Substantial

false-positive predictions were found outside the focal zone in 30–50% of controlled and un-

controlled trials due to decorrelation artifacts. One likely source of these artifacts is the

presence of air-filled cavities in the ex vivo tissue, which can move due to US radiation force

during sonication. These artifacts did not affect the present control algorithm because of the

small dimensions of control ROI (1× 1 mm2), which was placed at the focal position. These

artifacts are likely not relevant to in vivo echo decorrelation imaging, because air cavities do

not normally exist within the living liver. ROC values for all groups remained high despite

36



these artifacts because high fractions of the ablated and unablated points were still predicted

correctly, corresponding to high prediction sensitivity and specificity respectively.

Local ablation prediction using IBS imaging was significantly better than chance for all

groups. IBS imaging showed statistically equivalent performance compared to echo decor-

relation imaging in predicting local tissue ablation. Although treatments were controlled

based on echo decorrelation feedback, ablation prediction performance of IBS was also im-

proved for the controlled group, relative to the 2-cycle uncontrolled group. This improvement

likely occurred because controlled treatments stopped when high decorrelation due to ther-

mal coagulation occurred at the focal zone, usually accompanied by hyperechoic activity

(higher echo signal energy). IBS ablation prediction specificity at the optimum thresholds

was slightly lower than echo decorrelation specificity for the controlled group, but slightly

higher than echo decorrelation prediction specificities for all uncontrolled groups.

For ablated area prediction, high threshold values were found to minimize RMS error

for both echo decorrelation (log10-scaled decorrelation per ms: −1.8) and IBS prediction

(13.2 dB), possibly because of the small HIFU lesion sizes and low spatial resolution of

the parameter maps. Echo decorrelation and IBS under-predicted regions of ablation for

most trials in the controlled, 5-cycle, and 2-cycle uncontrolled groups. However, better

area prediction capability was observed for 9-cycle uncontrolled trials, possibly due to larger

ablation area compared to the controlled, 5-cycle, and 2-cycle groups.

Sensitivity of the control algorithm to ROI size was assessed for the controlled trials,

as shown in Fig. 2.4. Smaller ROI sizes (≤ 2 mm) showed small differences between the

minimum decorrelation ∆min and the average decorrelation ∆avg within the ROI. However,

larger ROIs resulted in much smaller ∆min than ∆avg values. Thus, when ∆min is employed

as a control end point as in the present study, a small ROI size is appropriate. When ∆avg is

used as a control end point, as done by others [84], a larger ROI may also be usable; however,

large ROIs may be more susceptible to echo decorrelation artifacts outside the focal region.
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Smaller and more consistent thermal lesion areas were obtained here in the controlled

ablation trials (lesion area mean ± standard error 4.8 ± 0.47 mm2) than in the 5-cycle

(7.0± 0.56 mm2), 9-cycle (9.3± 0.58 mm2), or 2-cycle (5.6± 0.61 mm2) uncontrolled trials.

A reason for the apparently more consistent thermal lesioning in controlled trials is that

echo decorrelation control may automatically compensate for tradeoffs between acoustic

intensities and sonication times required for thermal ablation [114]. Another possible reason

is that the control algorithm may have ceased HIFU treatments either before significant heat-

induced tissue vaporization (boiling) occurred, or soon after the onset of any vaporization.

Consistent with this interpretation, the control threshold employed here (−2.7 log10-scaled

echo decorrelation per ms) corresponds approximately to the optimal threshold previously

found for prediction of temperatures > 80◦C in ex vivo radiofrequency ablation [92]. These

results suggest that HIFU treatments controlled by echo decorrelation imaging can provide

consistent, reproducible, completely ablated thermal lesions regardless of changes in the

tissue heating rate, which may be caused by differences in the delivered acoustic power,

distortion of the HIFU beam, or variations in tissue properties.

The trials reported here included only individual HIFU exposures, with no mechanical

or electronic scanning to create larger lesions. However, the results obtained here have

implications for scanned HIFU ablation to create larger thermal lesions. The controlled group

showed thermal lesions with significantly smaller average area (4.8 mm2), width (1.29 mm),

and treatment time (5.8 s), as well as higher average ablation rate (52.9 mm2/min) than

the 5-cycle (7.0 mm2, 1.89 mm, 14.5 s, 29.1 mm2/min) or 9-cycle (9.3 mm2, 2.4 mm, 26.1 s,

21.4 mm2/min) uncontrolled trials. These results suggest that HIFU ablation controlled by

echo decorrelation imaging may be capable of ablating target volumes in shorter-duration

procedures compared to uncontrolled ablation. For instance, based on average lesion widths

from the present study, a target region of 10 mm width within the image plane could be

ablated using an estimated 8 lesions performed by controlled ablation (46.4 s), compared to
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6 lesions using 5-cycle uncontrolled ablation (87 s) or 5 lesions using 9-cycle uncontrolled

ablation (130.5 s).

Scanning of HIFU exposures using control by echo decorrelation imaging is anticipated

to provide uniform thermally coagulated volumes [84] by automatically varying HIFU ex-

posure time as needed. With HIFU exposure times controlled to achieve consistent echo

decorrelation, and thus consistent ablation of each focal lesion, heat accumulation induced

by successive HIFU exposures will also be more consistent [84], avoiding undesired over- or

under-treatment [115]. The present control algorithm can be straightforwardly extended to

monitor and control multiple HIFU lesions [55] using echo decorrelation imaging by consec-

utively placing control ROIs for individual HIFU exposures filling the targeted region.

For future in vivo experiments testing HIFU ablation control by echo decorrelation imag-

ing, real-time correction for artifactual decorrelation caused by tissue motion and electronic

noise will be needed. A motion and noise compensation method already established for

echo decorrelation imaging [33, 70] can be integrated with the present control algorithm

by utilizing the computed cumulative echo decorrelation from sham treatments preceding

HIFU sonication. In the case of extracorporeal HIFU treatments, respiratory gating may

also be useful to reduce motion effects, both for accurate placement of HIFU foci and for

accurate monitoring [116, 117]. In Chapter 4, the later method for motion and noise com-

pensation [70] is tested in real-time, for correcting echo decorrelation maps used to control

in vivo US thermal ablation.

As implemented here, the real-time control algorithm using echo decorrelation imaging

provided feedback at a frame rate of 0.34 Hz, the inverse of the 2.9 s sonication cycle length.

Temporal resolution of this method could be improved by computing decorrelation using

fewer frames of echo data, which would reduce the time consumed in data acquisition, transfer

and computation. For example, on the system employed here, acquiring five RF frames

instead of 20 frames per cycle would allow echo data acquisition, processing, and transfer
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to occur in 0.33 s (17% of the currently required time), thus reducing the rest period of

each sonication cycle to 0.63 s (29% of its current length) and increasing the feedback frame

rate to 0.76 Hz. Temporal resolution could also potentially be improved by shortening the

duration of each sonication pulse, with the tradeoff of a smaller HIFU duty cycle.

Other considerations important for in vivo use of this control algorithm include the

accuracy of HIFU ablation near critical tissue structures such as the hepatic vein and bile

ducts. In addition to use of the present control algorithm to ensure ablation within targeted

ROIs, distinct ROIs could be defined to include critical structures meant to be spared from

thermal ablation. In this context, the control algorithm would cease HIFU exposures if

the maximum cumulative echo decorrelation within the safety ROI exceeded the control

threshold.

2.5 Conclusions

HIFU ablation of ex vivo bovine liver tissue was successfully controlled using real-time

echo decorrelation imaging feedback. Controlled treatments ablated liver tissue more pre-

cisely and in less treatment time than uncontrolled 5-cycle or 9-cycle HIFU treatments. Com-

pared to 2-cycle uncontrolled treatments, controlled treatments provided equivalent ablation

time but significantly better capability to confirm local ablation. The precise lesions pro-

duced by controlled HIFU exposures could be used to ablate larger volumes by electrically or

mechanically scanning, while sparing critical tissue structures. This automatic, ultrasound-

based control approach may have advantages over current ultrasound-guided HIFU ablation

methods employing manual control with visual feedback.
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Chapter 3

Optimized echo decorrelation imaging feedback for bulk

ultrasound thermal ablation control

3.1 Objectives

Bulk thermal ablation, including radiofrequency ablation (RFA) as well as microwave ab-

lation (MWA) and ultrasound (US) ablation, is an important approach to tumor treatment.

Bulk thermal ablation has the advantage of providing larger ablation volume in less treat-

ment time compared to the high-intensity focused ultrasound (HIFU). However, uncontrolled

bulk thermal ablation can cause severe damage to nearby structures (e.g., portal vein and

hepatic artery) due to overtreatment or inaccurate ablation outcomes due to undertreatment.

Hence, to avoid incomplete treatments and cancer recurrence while reducing morbidity, a

real-time monitoring and control approach, capable of providing consistent thermal ablation

in minimal time, is needed.

In Chapter 2, echo decorrelation imaging was successfully employed to control HIFU

thermal ablation using the minimum cumulative echo decorrelation inside a small region of

interest (ROI) (1 × 1 mm2), placed at the focal zone in ex vivo bovine liver [118]. Another

previous study employed a large control ROI (10× 10 mm2), with the average decorrelation

within that ROI as a stopping criterion for HIFU ablation in ex vivo chicken breast [84].

41



However, this approach can potentially lead to false alarms, due to any decorrelation arti-

facts outside the focal ablation region. The present study extends the applicability of echo

decorrelation imaging to control of bulk ultrasound ablation [119], which is of interest not

only as a potential minimally invasive cancer treatment [29, 30, 33], but also as an analog

to bulk ablation by RFA and MWA, with comparable lesion sizes and heating rates [29].

In this chapter, two approaches for controlling bulk thermal ablation using echo decor-

relation imaging were implemented and assessed in ex vivo bovine liver. An optimization

method was applied to determine control ROI dimensions and ablation control thresholds

(treatment end points) for two different echo decorrelation feedback predictors, based on

results of preliminary ablation and imaging experiments. Bulk US thermal ablation was

performed by the same image-ablate array used in previous HIFU experiments [118, 120],

allowing accurate image registration with treated tissue histology. The array was used to

generate unfocused ultrasound, a configuration mimicking other bulk thermal ablation tech-

niques (e.g., RFA and MWA) by ablating larger volumes with slower heating rates, compared

to HIFU ablation. Results of controlled ablation experiments and matching uncontrolled ex-

periments were analyzed to compare the effects of the different control criteria and sonication

schemes on ablation outcomes, including lesion dimensions, treatment duration, and local

ablation prediction.

3.2 Materials and methods

Materials and methods used in the bulk US ablation experiments were similar to the

materials and methods previously employed in the HIFU experiments (Section 2.2.2.a–d),

and are briefly discussed here.
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3.2.1 Feedback control algorithm

To utilize echo decorrelation imaging feedback for controlling bulk US ablation, a real-

time control algorithm was implemented using an integrated real-time US imaging and ther-

apy system, similar to a previous study on control of focused ultrasound ablation, described

in Chapter 2 [118]. A flow chart of the closed-loop control algorithm is shown in Fig. 3.1(c).

Figure 3.1: Experimental setup. (a) 64-element image-treat array aligned with top surface of
ex vivo bovine liver. (b) Control geometry for bulk US thermal ablation. The control ROI,
bounded by a yellow line, is superimposed on a hybrid B-mode/echo decorrelation image.
(c) Feedback control algorithm flow chart. (d) Treatment timing diagram.

43



Local echo decorrelation per millisecond ∆(y, z, t) was computed as described in Section

1.5. Derivation and analysis of echo decorrelation imaging has been published previously [70,

88, 89, 118]. Here, the local echo decorrelation was computed between consecutive pulse-

echo image frames, recorded immediately after each unfocused sonication cycle. Ensemble-

averaged echo decorrelation maps for each cycle were computed (Eq. 1.3). Cumulative echo

decorrelation (∆cum) maps were defined as the temporal maximum of the ensemble-averaged

echo decorrelation map for each pixel position (y, z) (Eq. 1.4).

The minimum (∆min) and average (∆avg) cumulative echo decorrelation inside a control

ROI (∆ROI in Fig. 3.1(c)) were used as feedback parameters for closed-loop ablation control

during two series of ablation experiments. Therapy cycles were repeated until ∆min or ∆avg

exceeded a prespecified control threshold ∆th or the sonication cycle index m exceeded a

prespecified maximum number of sonication cycles.

3.2.2 Bulk US ablation experiments

Using a custom image-treat array transducer (64-element, 4.8× 24.4 mm2 aperture, 5.0–

5.4 MHz; Ardent Sound, Mesa, AZ, USA), pulse-echo US imaging (> 40% bandwidth, trans-

mit focal depth 3.5 cm, F -number 4) and bulk US ablation (unfocused, maximum acoustic

power 35 W) were performed. The transducer was integrated with a 23 mm standoff filled

with deionized, degassed (< 30% dissolved O2) water. Both US treatment and imaging were

controlled by the Iris 2 imaging and therapy system (Ardent Sound, Mesa, AZ, USA) [102].

Fresh bovine liver was obtained from a local slaughterhouse, cut to fit an open-top acrylic

cuvette (85 × 85 × 60 mm3) as shown in Fig. 3.1(a), and immersed in deionized, degassed

0.01M phosphate-buffered saline (PBS). All tissue was treated within 12 hours post mortem.

The tissue baseline temperature prior to ablation was 19.0–21.5 ◦C.
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For bulk US treatments, high-intensity sonication cycles were performed, following the

timing sequence shown in Fig. 3.1(d). The array fired full-aperture, continuous-wave, unfo-

cused 6 s pulses with an estimated [100] range of in situ spatial-peak, temporal-peak intensity

(ISPTP) from 24 to 54 W/cm2 (5% less than the range used in [33]), followed by rest peri-

ods of 2.2–2.5 s. The corresponding estimated pressure amplitude range (0.85–1.30 MPa,

5.0 MHz) was less than the threshold of subharmonic emissions (1.68 MPa, 5.0 MHz) for

resonant-sized bubbles in blood [121], which ensured minimal acoustic cavitation in tissue,

although some cavitation and other gas activity likely occurred as tissue was heated [89].

Immediately after each sonication cycle, 20 frames of beamformed radiofrequency echo

data were acquired at a frame rate of 116 Hz. Frames were digitized by a PC-based data

acquisition card (14-bit, 33.3 MHz sampling rate; Compuscope 14200, Gage Applied). In-

phase and quadrature (IQ) complex components of the digitized frames were computed by

applying a Hilbert-transform filter, then demodulated using a 5.0 MHz carrier frequency and

decimated by a factor of 6. Processed IQ frames were used to compute B-mode and echo

decorrelation images, as described previously [33].

After experiments, treated liver tissue was stored overnight in a−80 ◦C freezer in the same

cuvette to maintain tissue shape and orientation for registration with US images. The tissue

was sectioned through the imaging/therapy plane, stained with 2% triphenyl tetrazolium

chloride (TTC) vital stain [33, 88], and optically scanned at 1200 dpi (CanoScan 8800F,

Canon, Tokyo, Japan). Using a custom MATLAB (The MathWorks, Natick, MA, USA)

application, scanned sections were manually segmented into ablated (partial or no TTC

uptake) or unablated (full TTC uptake) regions and registered with corresponding B-mode

US images [89, 118], using a 2D rigid registration method. Estimated root-mean-square

(RMS) image registration error for this method is approximately 0.7 mm [118].
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3.2.3 Experiments using minimum-decorrelation criterion

The first series of controlled ablation experiments used the minimum cumulative echo

decorrelation inside a control ROI as a stopping criterion. This control approach was mo-

tivated by the success of echo decorrelation in locally predicting ablation with high speci-

ficity [33, 88], potentially enabling echo decorrelation feedback to ensure ablation of the

entire control ROI. This control approach also matched that used in a previous series of

experiments on HIFU ablation control using echo decorrelation imaging [118]. In these

experiments, a constant-intensity sonication scheme was used, similar to the in vivo bulk

ablation experiments reported by Fosnight et al. [33]. In those previous in vivo experiments,

the sonication sequence was chosen to ensure successful tissue ablation in all cases, while

potentially exceeding the minimum number of treatment cycles required.

In order to specify an appropriate decorrelation threshold and control ROI dimensions, an

optimization approach was applied to a preliminary series of uncontrolled bulk US ablation

experiments (N = 30) on fresh bovine liver tissue, using the experimental setup shown in

Fig. 3.1(a) and the ablation methods described in Section 3.2.2. For all 30 trials, nine sham

cycles (zero acoustic power) were followed by 7–18 (mean 11.4) identical sonication cycles,

covering the ranges of 5.0–5.4 MHz in frequency, 70.6–73.1% in duty cycle, and 24–54 W/cm2

ISPTP.

The guiding principle of the optimization approach was to seek control criteria such

that ablation of an ROI would be confirmed by the minimum value of echo decorrelation

in the ROI, with the expectation that ablation may extend to a region beyond the ROI in

all directions. The control ROI shape was chosen to approximate an upside-down isosceles

trapezoid, matching the observed typical shape of bulk US thermal lesions in these prelim-

inary experiments, as shown in Fig. 3.2(a). For simplicity, the ROI was formed from three

rectangles with fixed widths and lateral edges separated by 1 mm on each side, as shown in
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Fig. 3.1(b). ROI width (i.e., width of the topmost rectangle) was varied between 10–24 mm

in increments of 2 mm, while ROI height (i.e., height of the three combined rectangles) was

9, 12, or 15 mm. Each ROI was placed parallel to the transducer aperture, centered at the

midline of the US image (white dashed line in Fig. 3.1(b)), with its top boundary 2 mm

below the tissue surface, to reduce influence of the bright reflection from the tissue surface

on echo decorrelation within the ROI.

For a number of candidate ROIs of this type, all preliminary trials were classified into

ablated-ROI (ROI fully within the ablated region, as shown in Fig. 3.2(a)) and unablated-

ROI (ROI not fully within the ablated region, as shown in Fig. 3.2(b)) groups. The minimum

of the spatial-average, cumulative echo decorrelation inside the ROI under investigation was

computed for each group. In order to determine an ROI suitable for meaningful testing of

control efficacy, optimum control ROI dimensions were chosen as those providing a large dif-

ference in mean ∆min between ablated-ROI and unablated-ROI groups, while also providing a

sufficiently large fraction of ablated-ROI trials. The result was selection of a 16 mm × 12 mm

(width × height) ROI, which was fully ablated in 23.3% of the preliminary trials.

An optimum control threshold was then sought, with the goal of achieving high predic-

tion specificity and reasonable sensitivity for complete ROI ablation. Rates of true-positive

(sensitivity) and true-negative (specificity) predictions of complete ROI ablation were com-

puted as a function of ∆min, as shown in Fig. 3.2(c). The control threshold was selected

as ∆th = −3.20 (log10-scaled echo decorrelation per ms), corresponding to 91.3% specificity

and 57.1% sensitivity for prediction of complete ROI ablation.

To assess this first control approach, a series of controlled and uncontrolled ablation

experiments were conducted using the same experimental setup shown in Fig. 3.1(a). In

controlled trials (N = 15), the control ROI was placed 2 mm below the tissue surface,

azimuthally centered on the B-mode image as shown in Fig. 3.1(b). The maximum number

of sonication cycles for all controlled trials was set to M = 18 [118], twice the maximum
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Figure 3.2: Optimization approach for control criteria. Segmented TTC-stained tissue sec-
tions of preliminary ablation trials were classified into (a) ablated-ROI and (b) unablated-
ROI groups for ROI size selection. Sensitivity and specificity curves for the chosen ROIs were
used to optimize ∆th for (c) minimum-decorrelation (N = 30) and (d) average-decorrelation
(N = 86) prediction of complete ROI ablation. The blue line represents the selected ablation
control threshold for each approach.
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number of sonication cycles used by Fosnight et al. [33] for in vivo bulk ultrasound ablation.

For the controlled treatments, sonication sequences (73.1% duty cycle, 5.0 MHz frequency)

began with 9 sham cycles, followed by constant-intensity sonication cycles (ISPTP range of

38–49 W/cm2), with treatments ending when the minimum cumulative echo decorrelation

∆min within the ROI exceeded ∆th or when the sonication cycle index m exceeded M . During

the rest period of each cycle (2.2 s), echo decorrelation maps were computed and overlaid

on the B-mode images. Controlled trials were compared with uncontrolled trials employing

9 (N = 15) or 18 (N = 14) cycles of the same sonication sequence, as described in Section

3.2.5.

3.2.4 Experiments using average-decorrelation criterion

To test the sensitivity of the closed-loop control algorithm and the proposed optimization

method to choice of echo decorrelation feedback predictors, a second series of controlled

ablation experiments was performed using the average cumulative echo decorrelation as a

stopping criterion, similar to the approach used in another study of HIFU ablation control

by echo decorrelation imaging [84].

These experiments also employed variable-intensity sonication (lower-power sonication

cycles followed by higher-power cycles) in an attempt to increase the depth of thermal lesion-

ing. The variable sequence started with a series of lower-intensity sonication cycles, followed

by a series of higher-intensity sonication cycles, to reduce shadowing effects associated with

overtreatment at shallow tissue depths [29]. In these controlled ablation experiments, treat-

ments were terminated once the average echo decorrelation within the control ROI exceeded

a predefined threshold.

To optimize the control ROI dimensions and ablation threshold, the approach described

in Section 3.2.3 was applied. The preliminary experiments analyzed here comprised the

previous preliminary experiments (N = 30), controlled trials (N = 15), and uncontrolled
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trials (N = 29) trials described in Section 3.2.3, as well as additional preliminary experiments

(N = 12, 9–18 therapy cycles, 73.1% duty, ISPTP = 36.1 W/cm2, 5.0 MHz). For all 86

preliminary trials analyzed here, nine sham cycles were followed by 7–18 (average 12.3)

sonication cycles.

Similar to the optimization approach described in Section 3.2.3, post hoc analysis was em-

ployed to specify control ROI dimensions, based on successful ablation of the entire ROI and

echo decorrelation contrast between ablated-ROI and unablated-ROI groups. ROI widths

considered ranged from 12–18 mm with a 2 mm increment, while ROI heights considered

were 9 mm and 10.5 mm. The spatially averaged cumulative echo decorrelation inside the

ROI under investigation was computed for each group. The optimum ROI dimensions were

chosen as 12 mm× 9 mm, corresponding to complete ROI ablation in 67.4% of the prelim-

inary trials. The control threshold was selected as −1.576 (log10-scaled echo decorrelation

per ms), corresponding to 78.6% specificity and 60.3% sensitivity for prediction of complete

ROI ablation, as shown in Fig. 3.2(d).

To assess the ability of average decorrelation feedback approach for controlling bulk

US thermal ablation using the optimized control ROI and threshold, a series of controlled

and uncontrolled ablation experiments (N = 33) was conducted using the same approach

and experimental setup (Fig. 3.1(a)). In the controlled trials (N = 13), the control ROI

was placed as described in the previous section. For controlled bulk US treatments (N =

13), the variable sonication sequence (73.1% duty cycle, 5.4 MHz frequency) began with 9

sham cycles, followed by 9 sonication cycles at 38.3 W/cm2 ISPTP and up to 9 cycles at

43.1 W/cm2. This initial lower intensity approximately equals the lowest intensity employed

in the constant-intensity sonication sequences described in Section 3.2.2, while the higher

intensity approximately equals the average of all constant intensities employed. Treatments

ended when the average cumulative echo decorrelation ∆avg within the ROI exceeded ∆th

or when the sonication cycle index m exceeded M . Controlled trials were compared with
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uncontrolled trials employing 9 (N = 10) or 18 (N = 10) cycles of the same sonication

sequence.

During treatments, the occurrence of audible popping sounds [122] associated with tis-

sue vaporization was noted by the operator, together with the corresponding therapy cycle

index, to study the relationship between the popping-sound phenomenon and the average

decorrelation ∆avg inside the control ROI. For statistical analysis, trials were classified into

audible sound (N = 17) and no audible sound (N = 16) groups for comparison of ∆avg levels

in each group. The same analyses were done for the IBS values inside the control ROI to

compare between the behavior of the two imaging methods.

3.2.5 Data Analysis

After treatments, tissue handling and processing followed the procedures described in

Section 3.2.2. Segmented TTC-stained tissue sections were used to characterize bulk thermal

lesions by their depth, width, and area [118]. Lesion depth was defined as the distance

between the most proximal and distal ablated points along the vertical line at zero azimuth of

the transducer (white dashed line in Fig. 3.1(b)). Lesion width was defined as the horizontal

distance between the left and right edges of the ablated region, measured at the midpoint

of the lesion depth. Lesion area was computed as the total area of all pixels in the ablated

region. Ablation rate (cm2/min) was defined as the ablated area divided by the treatment

time.

Statistical analysis was done using R software (R Foundation, Vienna, Austria). Means

and standard errors of the lesion width, depth, area, treatment time and ablation rate were

calculated for all groups. Normality of the data was tested using the Shapiro-Wilk test [123].

For non-normally distributed groups, a Kruskal-Wallis rank sum test [109] (significance cri-

terion p < 0.05) was conducted to test the hypothesis of no median difference, followed by
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Dunn’s test [110] for multiple pairwise comparisons with Bonferroni adjustment [111]. Ho-

mogeneity of variances was tested statistically for the normally and non-normally distributed

groups using the Bartlett test [124] and Levene test [125], respectively. For normally dis-

tributed groups, analysis of variance (ANOVA) was applied to test the hypothesis of equal

means. If significant, ANOVA was followed by a post hoc Tukey’s honest significance differ-

ence (HSD) test for multiple comparison of means.

To assess the ablation prediction capability of echo decorrelation and integrated backscat-

ter (IBS) imaging for each group, receiver operating characteristics (ROC) curves and area

under ROC (AUC) values were computed for each group [33, 88, 89]. Cumulative echo

decorrelation maps were corrected for motion and noise artifacts using a method described

previously [33, 70]. ROC curves were computed by comparing the corrected cumulative

echo decorrelation and IBS maps to the TTC-segmented tissue binary mask point-by-point,

plotting rates of true positive predictions and false positive predictions over all image pixels

for all echo decorrelation thresholds as described previously in Section 2.2.2.e. AUC was

calculated and statistical significance of AUC values was determined vs. the null hypothesis

(AUC = 0.5), vs. each other (controlled vs. uncontrolled), and between the two parameter

maps (echo decorrelation vs. IBS) for each group, as previously described in Section 2.2.2.e.

AUC statistical tests were adjusted for their effective sample size as previously described in

Section 2.2.2.e.

The average lesion width of each group for both approaches was tested against the trans-

ducer aperture using one-sample t-tests (two-tailed, significance criterion p < 0.05). The

average treatment time of each controlled group was tested against the corresponding fixed

treatment times of the 9-cycle and 18-cycle uncontrolled groups using one-sample t-tests

(two-tailed, significance criterion p < 0.025 including Bonferroni correction).

To compare between the minimum-decorrelation and average-decorrelation feedback ap-

proaches, lesion dimensions (width and depth), ablation rates, and treatment times of the
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successfully controlled trials for each criterion were statistically compared using two-sample

t-tests (two-tailed, significance criterion p < 0.05). In addition, relative differences between

outcomes of controlled and matching uncontrolled trials were compared between the two

experimental series.

To assess the ability of echo decorrelation and IBS imaging to predict tissue ablation

area, optimal decorrelation and IBS cutoffs for ablation prediction were determined, such

that the estimated ablated area was equal to the area of all pixels exceeding the cutoff.

RMS errors between measured and estimated ablated areas were calculated, for all groups

of both approaches (N = 70), for a range of echo decorrelation cutoffs from −4 to −1

(log10-scaled echo decorrelation per ms) and a range of IBS cutoffs from −5 to 30 dB using

the echo decorrelation and IBS maps respectively. The echo decorrelation and IBS cutoffs

corresponding to the minimum overall RMS ablated area errors were considered the optimum

for ablated area prediction. Using these cutoffs, absolute RMS errors and normalized RMS

error (NRMSE) were computed for all bulk US groups as described previously in Section

2.2.4.

A retrospective study was also performed to compare performance of the two control

criteria investigated. For trials using the minimum-decorrelation feedback approach, the

12 mm × 9 mm control ROI from the average-decorrelation experiments, together with its

associated control threshold (∆th = −1.576), were applied to archived echo data from all con-

trolled experiments. For each of these experiments, control using the average-decorrelation

feedback criterion was simulated by computing ∆avg within the control ROI for each cycle.

The post hoc threshold-crossing time for each trial (i.e., the treatment time if the average-

decorrelation feedback criterion had been employed) was defined as the number of therapy

cycles required to exceed the alternative control threshold, multiplied by the therapy cycle

duration (8.2 s). Similarly, controlled trials employing the average-decorrelation feedback

criterion were retrospectively analyzed by applying the 16 mm × 12 mm control ROI from
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the minimum-decorrelation experiments with its selected control threshold (∆th = −3.20).

Means and standard errors of the post hoc threshold-crossing time for all controlled trials of

each feedback criterion were computed and statistically compared using two-sample t-tests

(two-tailed, significance criterion p < 0.05). In addition, all successfully controlled trials us-

ing the minimum-decorrelation approach were assessed for complete ablation of the smaller

control ROI employed in the average-decorrelation approach. Similarly, all successfully con-

trolled trials using the average-decorrelation approach were assessed for complete ablation

of the larger control ROI employed in the minimum-decorrelation approach.

3.3 Results

3.3.1 Experiments using minimum-decorrelation criterion

In the first series of experiments, employing constant-intensity sonication and the

minimum-decorrelation stopping criterion, successful control (∆min exceeding ∆th) was

achieved in 11 of the 15 controlled trials (73.3%), with the threshold reached in an aver-

age of 9.7 cycles or 79.8 s (maximum 14 cycles or 114.8 s; minimum 7 cycles or 57.4 s). The

16 mm × 12 mm control ROI was fully ablated in 3 of 11 successfully controlled trials, 0

of 4 unsuccessfully controlled trials, 3 of 15 9-cycle uncontrolled trials, and 3 of 14 18-cycle

uncontrolled trials.

Fig. 3.3 and 3.4 show final B-mode image frames, overlaid by final cumulative echo decor-

relation and IBS maps, together with corresponding registered and segmented TTC-stained

tissue sections for representative trials from the 9-cycle, successfully controlled, and 18-cycle

groups. The white line and dashed green lines indicate the segmented tissue boundaries

and predicted ablation region boundaries in the hybrid B-mode/echo decorrelation or B-

mode/IBS images. In the TTC-stained sections, red and green lines indicate segmented

tissue boundaries and ablated regions respectively. Lesion depths for the trials shown in
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column (a), (b), and (c) approximately match the minimum, average, and maximum values

for each group, respectively.

Figure 3.3: Representative histologic and hybrid B-mode/echo decorrelation images for con-
trolled and uncontrolled trials using the minimum-decorrelation feedback approach. Rows
(I)–(III) represent 9-cycle uncontrolled, successfully controlled, and 18-cycle uncontrolled
trials with segmentation of tissue boundaries and ablated regions. Red and green lines rep-
resent segmented tissue and ablation region boundaries, while white and dashed green lines
indicate the segmented tissue and predicted ablation region boundaries (log10-scaled decor-
relation per ms: −2.6) in the hybrid B-mode/echo decorrelation images. Columns (a)–(c)
represent trials with approximately minimum, average, and maximum measured lesion depth
for each group.

Fig. 3.5(a), (b) shows ROC curves and AUC values for prediction of local ablation us-

ing echo decorrelation and IBS imaging. Statistical results for pairwise AUC comparisons
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Figure 3.4: Representative histologic and hybrid B-mode/IBS images for controlled and
uncontrolled trials using the minimum-decorrelation feedback approach. Rows (I)–(III) rep-
resent 9-cycle uncontrolled, successfully controlled, and 18-cycle uncontrolled trials with
segmentation of tissue boundaries and ablated regions. Red and green lines represent seg-
mented tissue and ablation region boundaries, while white and dashed green lines indicate
the segmented tissue and predicted ablation region boundaries (IBS threshold 4.0 dB) in the
hybrid B-mode/IBS images. Trials shown are the same as in Fig. 3.3.

between all groups for echo decorrelation and IBS imaging are shown in Table 3.1. For

echo decorrelation ablation prediction (Fig. 3.5(a)), AUC values for the successfully con-

trolled (AUC = 0.862), 9-cycle uncontrolled (AUC = 0.668), and 18-cycle uncontrolled

(AUC = 0.842) groups were significantly greater than chance (p < 10−16), and were sig-

nificantly larger for the controlled and 18-cycle groups, compared to the 9-cycle group
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(p < 10−16). For IBS ablation prediction (Fig. 3.5(b)), AUC values for the successfully

controlled (AUC = 0.725), 9-cycle uncontrolled (AUC = 0.690), and 18-cycle uncontrolled

(AUC = 0.755) groups were significantly greater than chance (p < 10−16), and were sig-

nificantly larger for the 18-cycle groups, compared to the 9-cycle group (p = 1.3 · 10−3).

Statistical comparisons between echo decorrelation and IBS imaging for the 9-cycle uncon-

trolled group showed significantly greater AUC for the IBS prediction compared to echo

decorrelation imaging (p < 10−16). However, echo decorrelation predicted local tissue ab-

lation significantly better than IBS in the successfully controlled and 18-cycle uncontrolled

groups (p < 10−16).

Figure 3.5: ROC curves for (a) echo decorrelation and (b) IBS ablation prediction for suc-
cessfully controlled, 9-cycle uncontrolled, and 18-cycle uncontrolled groups (AUC: area under
ROC curve) using the minimum-decorrelation feedback approach.
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Table 3.1: Results of two-tailed z tests compar-
ing AUC values for echo decorrelation and IBS
prediction of local ablation among all bulk US
groups using the minimum-decorrelation crite-
rion.

Echo decorrelation imaging
Controlled 9-cycle

9-cycle 9.48 (< 10−16)
18-cycle 1.21 (0.224) −9.19 (< 10−16)

IBS imaging
9-cycle 1.61 (0.108)
18-cycle −1.42 (0.154) −3.20 (1.3 · 10−3)

Optimal thresholds for local ablation prediction and their corresponding sensitivities and

specificities for echo decorrelation and IBS imaging are summarized in Table 3.2. For the

controlled and 18-cycle uncontrolled groups, echo decorrelation imaging had higher sensitiv-

ity and specificity for local ablation prediction compared to IBS. For the 9-cycle uncontrolled

group, echo decorrelation had slightly lower sensitivity and higher specificity than IBS imag-

ing for local tissue ablation prediction.

Fig. 3.6(a)–(d) shows statistics of lesion dimensions and ablation rates for successfully

controlled trials and uncontrolled trials employing the minimum-decorrelation, constant-

intensity approach. Means ± standard errors of the lesion width were 23.2 ± 1.0 mm for

successfully controlled trials, 21.2± 0.8 mm for the 9-cycle group, and 25.2± 0.6 mm for the

18-cycle group, as shown in Fig. 3.6(a). For the segmented lesion depth, means ± standard

errors were 14.8 ± 1.1 mm for successfully controlled trials, 13.4 ± 0.7 mm for the 9-cycle

group, and 15.5 ± 1.0 mm for the 18-cycle group, as shown in Fig. 3.6(b). For the lesion

area, mean ± standard error values were 3.1 ± 0.3 cm2 for successfully controlled trials,

2.75± 0.1 cm2 for the 9-cycle group and 3.48± 0.2 cm2 for the 18-cycle group, as shown in

Fig. 3.6(c). For ablation rate, mean ± standard error values were 2.37 ± 0.1 cm2/min for
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Table 3.2: Optimal thresholds for local ablation pre-
diction and corresponding sensitivities and specifici-
ties for echo decorrelation (log10-scaled per ms) and
IBS (decibel-scaled) imaging for all groups using the
minimum-decorrelation criterion.

Echo decorrelation imaging
Groups Controlled 9-cycle 18-cycle

Optimum threshold −2.2 −2.6 −2.2
Sensitivity (%) 79.6 56.6 74.7
Specificity (%) 78.5 78.6 81.6

IBS imaging
Groups Controlled 9-cycle 18-cycle

Optimum threshold 5.4 4.0 5.1
Sensitivity (%) 64.2 60.9 69.1
Specificity (%) 70.3 69.0 72.6

successfully controlled trials, 2.23±0.1 cm2/min for the 9-cycle group, and 1.41±0.1 cm2/min

for the 18-cycle group, as shown in Fig. 3.6(d). For treatment time, mean ± standard error

was 79.8 ± 5.9 s for successfully controlled trials, compared to fixed durations of 73.8 s

for the 9-cycle group and 147.6 s for the 18-cycle group. For the unsuccessfully controlled

trials (N = 4), means ± standard errors for the lesion width (23.5± 0.9 mm), lesion depth

(14.9± 0.94 mm), ablated area (3.2± 0.2 cm2), and ablation rate (1.3± 0.1 cm2/min) were

close to the 18-cycle uncontrolled trials.

Ablated lesion widths, depths and rates passed the Shapiro-Wilk test (p > 0.05), indi-

cating normal data distribution. ANOVA tests showed significant differences between lesion

widths and ablation rates (p = 3.2 · 10−3, p = 9.4 · 10−8, respectively), but no significant

differences between ablation depths (p = 0.23). Based on Tukey’s HSD test, average ablation

rate for the 18-cycle group was found to be significantly smaller than for the successfully con-

trolled and 9-cycle groups (p < 10−4). Average lesion width for the 9-cycle group was found

to be significantly smaller than for the 18-cycle group (p = 2.2 · 10−3) and the transducer
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Figure 3.6: Statistical analysis of ablation results using the minimum-decorrelation feedback
approach. Means and standard errors are shown for (a) lesion width, (b) lesion depth, (c)
lesion area, and (d) ablation rate. (∗∗ p < 10−2 and ∗∗∗ p < 10−3)

aperture (p = 6.3 · 10−5). The Bartlett test indicated no significant difference among the

variances of ablation widths, depths, or rates. Ablation areas were non-normally distributed

according to the Shapiro-Wilk test and were significantly different according to the Kruskal-

Wallis test (p = 0.031), with the 9-cycle group (2.74 ± 0.12 cm2) significantly smaller than

the 18-cycle group (3.48± 0.19 cm2; p = 0.0137), but with the successfully controlled group
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(3.14± 0.28 cm2) not significantly different from either uncontrolled group, and with no sig-

nificant differences in variance. Successfully controlled trials were completed in a treatment

time statistically equivalent to the 9-cycle group, but significantly smaller the 18-cycle group

(p = 4.1 · 10−7).

3.3.2 Experiments using average-decorrelation criterion

In the second series of experiments, employing variable-intensity sonication and average-

decorrelation as the stopping criterion, successful control (∆avg exceeding ∆th) was achieved

in 10 of the 13 controlled trials (77%), with the threshold reached in an average of 13.9 cycles

or 114.0 s (maximum 16 cycles or 131.2 s; minimum 12 cycles or 98.4 s). The ROI was fully

ablated in 8 of 10 successfully controlled trials, 3 of 3 unsuccessfully controlled trials, 1 of

10 9-cycle uncontrolled trials, and 8 of 10 18-cycle uncontrolled trials.

Fig. 3.7 and 3.8 show final B-mode image frames, overlaid by final cumulative echo decor-

relation and IBS maps, together with corresponding registered and segmented TTC-stained

tissue sections for representative trials from the 9-cycle, successfully controlled, and 18-cycle

groups. The white line and dashed green lines indicate the segmented tissue boundaries

and predicted ablation region boundaries in the hybrid B-mode/echo decorrelation or B-

mode/IBS images. In the TTC-stained sections, red and green lines indicate segmented

tissue boundaries and ablated regions respectively. Lesion depths for the trials shown in

column (a), (b), and (c) approximately match the minimum, average, and maximum values

for each group, respectively.

Fig. 3.9(a), (b) shows ROC curves and AUC values for prediction of local ablation

using echo decorrelation and IBS imaging. Statistical results for pair-wise AUC compar-

isons between all groups for echo decorrelation and IBS imaging are shown in Table 3.3.

For echo decorrelation prediction (Fig. 3.9(a)), AUC values for the successfully controlled

(AUC = 0.871) and 18-cycle (AUC = 0.722) uncontrolled groups were significantly greater
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Figure 3.7: Representative histologic and hybrid B-mode/echo decorrelation images for con-
trolled and uncontrolled trials using the average-decorrelation feedback approach. Rows
(I)–(III) represent 9-cycle, controlled, and 18-cycle trials with segmentation of tissue bound-
aries and ablated regions. Red and green lines represent segmented tissue and ablation
region boundaries, while white and dashed green lines indicate the segmented tissue and
predicted ablation region boundaries (log10-scaled decorrelation per ms: −2.6) in the hybrid
B-mode/echo decorrelation images. Columns (a)–(c) represent trials with approximately
minimum, average, and maximum measured lesion depth of each group.

than 0.5 (p < 10−16). Successfully controlled trials showed significantly better prediction

capability than 18-cycle uncontrolled trials (p < 10−8). For IBS ablation prediction (Fig.

3.9(b)), AUC values for the successfully controlled (AUC = 0.682) and 18-cycle uncontrolled

(AUC = 0.689) groups were significantly greater than chance (p < 10−16). The successfully

controlled group had slightly smaller AUC than 18-cycle uncontrolled trials (p = 0.797).

Statistical comparisons between AUC values for echo decorrelation and IBS imaging showed
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Figure 3.8: Representative histologic and hybrid B-mode/IBS images for controlled and un-
controlled trials using the average-decorrelation feedback approach. Rows (I)–(III) represent
9-cycle, controlled, and 18-cycle trials with segmentation of tissue boundaries and ablated
regions. Red and green lines represent segmented tissue and ablation region boundaries,
while white and dashed green lines indicate the segmented tissue and predicted ablation
region boundaries (IBS threshold 4.0 dB) in the hybrid B-mode/IBS images. Trials shown
are the same as Fig. 3.7.

statistically equivalent prediction capability for the 18-cycle uncontrolled group (p = 0.159).

However, echo decorrelation predicted local tissue ablation significantly (p = 4.6 · 10−10)

better than IBS in the successfully controlled group.

Optimal thresholds for local ablation prediction and their corresponding sensitivities

and specificities for echo decorrelation and IBS imaging are summarized in Table 3.4. For

the controlled and 18-cycle groups, echo decorrelation imaging had higher sensitivity and
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Figure 3.9: ROC curves for (a) echo decorrelation and (b) IBS ablation prediction for suc-
cessfully controlled, 9-cycle uncontrolled, and 18-cycle uncontrolled groups (AUC: area under
ROC curve) using the average-decorrelation feedback approach.

Table 3.3: Results of two-tailed z tests comparing
AUC values for echo decorrelation prediction of
local ablation among all bulk US groups using
the average-decorrelation criterion.

Echo decorrelation imaging
Controlled 9-cycle

9-cycle 24.7 (< 10−16)
18-cycle 7.09 (1.4 · 10−12) −15.5 (< 10−16)

IBS imaging
9-cycle 10.0 (< 10−16)
18-cycle −0.26 (0.797) −10.2 (< 10−16)

specificity for local ablation prediction compared to IBS. For the 9-cycle uncontrolled groups,

both echo decorrelation and IBS showed anomalous prediction behavior for tissue ablation.
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Table 3.4: Optimal thresholds for local ablation predic-
tion and corresponding sensitivities and specificities for
the corrected echo decorrelation (log10-scaled per ms)
and IBS (decibel-scaled) imaging for all bulk US groups
using average-decorrelation criterion.

Echo decorrelation imaging
Groups Controlled 9-cycle 18-cycle

Optimum threshold −2.3 −4.1 −2.7
Sensitivity (%) 77.3 21.0 65.3
Specificity (%) 82.8 56.4 73.5

IBS imaging
Groups Controlled 9-cycle 18-cycle

Optimum threshold 6.4 3.6 6.5
Sensitivity (%) 61.5 43.2 59.4
Specificity (%) 65.2 95.1 68.8

Fig. 3.10(a)–(d) shows statistics of lesion dimensions and ablation rates for success-

fully controlled trials and uncontrolled trials employing the average-decorrelation, variable-

intensity approach. Means ± standard errors for the segmented lesion width were 26.4 ±

0.7 mm for the successfully controlled group, 25.2 ± 0.5 mm for the 9-cycle group, and

26.9± 0.6 mm for the 18-cycle group, as shown in Fig. 3.10(a). For the lesion depth, means

± standard errors were 14.7± 0.9 mm for successfully controlled trials, 8.3± 0.7 mm for the

9-cycle group, and 16.0 ± 1.2 mm for the 18-cycle group, as shown in Fig. 3.10(b). For the

lesion area, mean ± standard error values were 3.65± 0.2 cm2 for successfully controlled tri-

als, 2.14± 0.1 cm2 for the 9-cycle group, and 4.06± 0.3 cm2 for the 18-cycle group, as shown

in Fig. 3.10(c). For ablation rate, mean ± standard error values were 1.93±0.1 cm2/min for

successfully controlled trials, 1.73±0.1 cm2/min for the 9-cycle group, and 1.65±0.1 cm2/min

for the 18-cycle group, as shown in Fig. 3.10(d). For treatment time, mean ± standard error

was 114.0 ± 4.1 s for successfully controlled trials, compared to fixed values of 73.8 s for

65



the 9-cycle group, and 147.6 s for the 18-cycle group. As in the minimum feedback con-

trol approach, means ± standard error values for unsuccessfully controlled trials (N = 3)

were close to the 18-cycle uncontrolled trials for lesion width (26.1± 0.29 mm), lesion depth

(17.0± 0.7 mm), ablated area (4.32± 0.25 cm2), and ablation rate (1.75± 0.08 cm2/min)

Figure 3.10: Statistical analysis of results from ablation trials using the average-decorrelation
feedback approach. Means and standard errors are shown for (a) lesion width, (b) lesion
depth, (c) lesion area, and (d) ablation rate. (∗∗∗ p < 10−3)

Shapiro-Wilk test results indicated all ablation lesion dimensions and rates were normally

distributed (p > 0.05). ANOVA tests showed significant differences between depths (p =

1.9 · 10−5) and areas (p = 8.2 · 10−6), but no significant differences between ablation rates or

lesion widths. Successfully controlled trials and 18-cycle uncontrolled trials had statistically

equivalent lesion depths and areas, both significantly larger than the 9-cycle uncontrolled
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group (p < 10−3). The Bartlett test indicated no significant difference among the variances of

ablated lesion depths, widths, or rates for all groups. However, the lesion area of the 9-cycle

group (2.13± 0.10 cm2) had smaller mean (p < 10−3) and variance (p < 0.04) compared to

the successfully controlled (3.66± 0.22 cm2) and 18-cycle (4.06± 0.32 cm2) groups. Average

lesion widths for the successfully controlled and 18-cycle uncontrolled group were significantly

larger than the transducer aperture (p = 0.016, p = 3.1·10−3, respectively). Mean± standard

error for the duration of successfully controlled treatments was 114.0± 4.1 s for successfully

controlled trials, significantly larger than the fixed 73.8 s duration of 9-cycle uncontrolled

treatments (p = 4.6 ·10−6) but significantly smaller than the fixed duration of 147.6 s for 18-

cycle uncontrolled treatments (p = 2.0·10−5). As in the minimum feedback control approach,

means ± standard error values for unsuccessfully controlled trials (N = 3) were close to the

18-cycle uncontrolled trials for lesion width (26.1± 0.29 mm), depth (17.0± 0.7 mm), area

(4.32± 0.25 cm2), and rate (1.75± 0.08 cm2/min).

Fig. 3.11 shows statistics of final ∆avg values within the control ROI for the group with

audible popping sounds (N = 17) and with no audible sound (N = 16). Based on the

Shapiro-Wilk test, values of ∆avg were non-normally distributed (p < 0.05). The median

of ∆avg for the audible-sound group was significantly greater than the no-sound group (p =

8.4 · 10−6). Maximum values of the ensemble-averaged decorrelation ∆(y, z,m) for cycles

with observed popping sounds ranged from −1.91 to −0.82, with mean ± standard deviation

−1.23 ± 0.31 (log10-scaled decorrelation per ms). The audible popping sound synchronized

with the treatment end point for 60% of successfully controlled trials using the average-

decorrelation criterion.

Fig. 3.12 shows statistics of final cumulative IBS values within the control ROI for the

group with audible popping sounds (N = 17) and with no audible sound (N = 16). Based

on the Shapiro-Wilk test, values of ensemble-averaged IBS were non-normally distributed
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Figure 3.11: Box plot of average echo decorrelation value inside the control ROI for trials
with observed audible sound (N = 17) and with no audible sound (N = 16). (∗∗∗ p < 10−3)

(p < 0.05). The median of ensemble-averaged IBS for the audible-sound group was signifi-

cantly greater than the no-sound group (p = 2.6 · 10−6). Maximum values of the ensemble-

averaged IBS for cycles with observed popping sounds ranged from 16.0 to 27.9 dB, with

mean ± standard deviation 22.9± 3.6 dB.

3.3.3 Comparison of Control Approaches

Ablation outcomes differed somewhat between the two control approaches, as illustrated

in Figs. (3.13–3.15). Successfully controlled trials employing the average-decorrelation cri-

terion and variable-intensity sonication (Section 3.3.2) showed significantly greater lesion

width (p = 0.020, Fig. 3.13(a)), statistically equivalent lesion depth (p = 0.97, Fig. 3.13(b)),

significantly greater treatment time (p = 1.63 · 10−4, Fig. 3.13(c)), and significantly smaller

ablation rate (p = 0.011, Fig. 3.13(d)) compared to successfully controlled trials employing

the minimum-decorrelation criterion with constant-intensity sonication (Section 3.3.1).
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Figure 3.12: Box plot of average IBS value inside the control ROI for trials with observed
audible sound (N = 17) and with no audible sound (N = 16). (∗∗∗ p < 10−3)

Figure 3.13: Statistical comparison of ablation results for successfully controlled trials using
the minimum-decorrelation and average-decorrelation feedback criteria. Means and standard
errors are shown for (a) lesion width, (b) lesion depth, (c) treatment time, and (d) ablation
rate. (∗ p < 0.05 and ∗∗∗ p < 10−3)
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For prediction of ablated area by echo decorrelation, the cutoff for minimum RMS error

(1.42 cm2) between predicted and measured areas over all trials (N = 70) was found to

be −2.6 (log10-scaled decorrelation per ms). Fig. 3.14 shows scatter plots of ablated areas

predicted by this optimum echo decorrelation cutoff for all treatment groups using both the

minimum-decorrelation and average-decorrelation approaches. In the series of experiments

employing the minimum-decorrelation criterion with constant-intensity sonication, absolute

and normalized RMS errors for predicted areas were 0.94 cm2 (30.3%) for successfully con-

trolled trials, 1.69 cm2 (62.0%) for 9-cycle uncontrolled trials, and 0.78 cm2 (23.6%) for 18-

cycle uncontrolled trials. In the series of experiments employing the average-decorrelation

criterion with variable-intensity sonication, corresponding absolute and normalized RMS er-

rors were 0.74 cm2 (21.6%) for successfully controlled trials, 1.87 cm2 (90.0%) for 9-cycle

uncontrolled trials and 1.99 cm2 (52.6%) for 18-cycle uncontrolled trials.

Figure 3.14: Comparison of echo decorrelation predicted vs. measured ablation areas. Scatter
plots are shown for (a) 9-cycle, (b) successfully controlled, and (c) 18-cycle groups using (I)
minimum-decorrelation and (II) average-decorrelation control approaches.
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For prediction of ablated area by IBS, the cutoff for minimum RMS error (0.81 cm2)

between predicted and measured areas over all trials (N = 70) was found to be 4.0 dB.

Fig. 3.15 shows scatter plots of ablated areas predicted by this optimum IBS cutoff for

all treatment groups using both the minimum-decorrelation and average-decorrelation ap-

proaches. In the series of experiments employing the minimum-decorrelation criterion with

constant-intensity sonication, absolute and normalized RMS errors for predicted areas were

0.99 cm2 (31.7%) for successfully controlled trials, 0.81 cm2 (29.7%) for 9-cycle uncontrolled

trials, and 0.64 cm2 (19.5%) for 18-cycle uncontrolled trials. In the series of experiments

employing the average-decorrelation criterion with variable-intensity sonication, correspond-

ing absolute and normalized RMS errors were 0.72 cm2 (21.1%) for successfully controlled

trials, 0.79 cm2 (37.9%) for 9-cycle uncontrolled trials and 0.90 cm2 (23.6%) for 18-cycle

uncontrolled trials.

Figure 3.15: Comparison of IBS predicted vs. measured ablation areas using IBS imaging.
Scatter plots are shown for (a) 9-cycle, (b) successfully controlled, and (c) 18-cycle groups
using (I) minimum-decorrelation and (II) average-decorrelation control approaches.
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Post hoc analysis results for both series of controlled ablation experiments are shown in

Fig. 3.16. For all trials controlled using the minimum-decorrelation criterion (N = 15), Fig.

3.16(a) shows final ∆min values from each experiment together with final ∆avg values from

post hoc analysis using the average-decorrelation feedback parameter and the corresponding

12 mm × 9 mm control ROI. In the post hoc analysis, the average-decorrelation threshold of

−1.576 was crossed in 11 of these 15 trials with average threshold-crossing time 81.3± 6.7 s.

Notably, the average threshold-crossing time for trials from the minimum-controlled group,

subjected post hoc to the average-decorrelation criterion, was statistically equivalent to the

treatment time for trials successfully controlled using the average-decorrelation criterion.

For all trials controlled using the average-decorrelation criterion (N = 13), Fig. 3.16(b)

shows final ∆avg values from each experiment together with final ∆min values from post hoc

analysis using the minimum-decorrelation criterion and its corresponding 16 mm × 12 mm

control ROI. In the post hoc analysis, the minimum-decorrelation threshold of −3.20 was

crossed in 8 of these 13 trials with average threshold-crossing time 111.7±4.6 s. Similar to the

minimum-decorrelation controlled trials, the average threshold-crossing time for trials from

the average-decorrelation controlled group, subjected post hoc to the minimum-decorrelation

criterion, was statistically equivalent to the treatment time for trials successfully controlled

using the minimum-decorrelation criterion.

Both control approaches showed similar success in ablation of equivalent control ROIs.

Successfully controlled trials using the minimum-decorrelation criterion achieved complete

ablation of the 12 mm × 9 mm average-decorrelation control ROI in 7 of 11 cases, compared

to 8 of 10 cases for trials successfully controlled using the average-decorrelation approach.

Similarly, successfully controlled trials using the average-decorrelation criterion achieved

complete ablation of the 16 mm× 12 mm minimum-decorrelation control ROI in 3 of 10 cases,

compared to 3 of 11 cases for trials successfully controlled using the minimum-decorrelation

approach.
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Figure 3.16: Experimental and post hoc results for trials controlled by (a) minimum-
decorrelation and (b) average-decorrelation criteria. Red, black and blue lines represent the
experimental, post hoc, and threshold echo decorrelation values inside the region of interest,
respectively.

3.4 Discussion

In this chapter, the concept of controlling bulk thermal ablation using US echo decor-

relation imaging feedback was demonstrated in ex vivo bovine liver using two feedback ap-

proaches. Successful control, defined as meeting the prespecified echo decorrelation feedback

threshold, was achieved in > 70% of trials for either approach. Successfully controlled trials

using either feedback approach resulted in higher ablation rates and better capability to

predict local ablation, as judged by area under the ROC curve, than matching 9-cycle or
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18-cycle uncontrolled groups. However, successfully controlled trials using either feedback

approach did not provide improved consistency for the ablated tissue area; for either ap-

proach, ablated area variance for the controlled group was not significantly smaller than for

either matching uncontrolled group. In either group, results of controlled ablation trials were

similar to those for the matching 18-cycle group, both in terms of thermal lesion dimensions

and capability to predict ablation; however, controlled ablation trials required significantly

less treatment time, which could be considered an advantage of this control approach.

The proposed optimization method resulted in different ROI sizes and decorrelation

thresholds for the two echo decorrelation feedback predictors. The optimum ROI selected

for the minimum-decorrelation criterion was larger than that for the ROI-average criterion

experiments (16 mm × 12 mm vs. 12 mm × 9 mm), while the corresponding decorrelation

threshold was smaller (−3.20 vs. −1.576 log10-decorrelation per ms). Nonetheless, retro-

spective comparison of the two control approaches showed that their control performance

was very similar. For either series of controlled ablation experiments, the average treatment

time for successfully controlled ablation nearly matched the threshold-crossing time for the

other series when subjected post hoc to the same feedback approach used experimentally.

Similarly, when assessing complete ablation of the same ROI, successful control by either

approach resulted in nearly equal success rates. These results imply that the proposed opti-

mization successfully set appropriate control criteria for both feedback approaches, such that

meeting either stopping criterion had a nearly equivalent effect on ablation outcomes. In

general, control thresholds optimized using this approach will increase with smaller control

ROI sizes, and will be larger when based on the average echo decorrelation, compared to the

minimum echo decorrelation.

Successfully controlled trials for both feedback approaches showed better echo decorrela-

tion prediction capability for local ablation than 9-cycle or 18-cycle uncontrolled trials of the

same ablation sequence reported here, as well as the uncontrolled in vivo bulk US ablation
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experiments (N = 10, AUC = 0.620 in liver, AUC = 0.675 in VX2 tumor) reported by Fos-

night et al. [33] using a constant-intensity sonication scheme (7–9 therapy cycles, 60–70.5%

duty cycle, 50–63 W/cm2 ISPTP, 5.0–5.4 MHz frequency). Echo decorrelation imaging pre-

dicted local tissue ablation significantly better than IBS imaging in successfully controlled

trials using both feedback approaches. For both echo decorrelation and IBS imaging, suc-

cessfully controlled trials using the average-decorrelation criterion showed ability to predict

local ablation (AUC = 0.871, AUC = 0.682 respectively) statistically equivalent to trials

controlled by the minimum-decorrelation criterion (AUC = 0.862, AUC = 0.725 respec-

tively), consistent with the observation that either approach provided equivalent feedback

on ablation progress.

For ablated area prediction using echo decorrelation or IBS, better prediction capabil-

ity was observed for successfully controlled trials using the average-decorrelation criterion,

compared to the 9-cycle and 18-cycle uncontrolled groups. However, better area prediction

capability was observed for the 18-cycle uncontrolled group using the minimum-decorrelation

criterion, compared to the controlled and 9-cycle uncontrolled groups. RMS error of pre-

dicted ablated area for IBS was smaller than for echo decorrelation in all groups using both

feedback approaches (minimum RMSE: 0.81 cm2 vs. 1.42 cm2), even though local ablation

prediction capability was better for the echo decorrelation than for IBS. This discrepancy

may have occurred because the threshold (4.0 dB) for minimum RMS error in area predic-

tion using IBS imaging was low, which reduced the specificity of local ablation prediction,

while also reducing area prediction error by predicting ablation at positions of hyperechoic

artifacts at depths > 20 mm, as shown in Fig. 3.4 and 3.8.

Echo decorrelation and IBS imaging showed anomalous prediction performance for the

9-cycle uncontrolled group (AUC = 0.327 and AUC = 0.413, respectively) using the average-

decorrelation criterion with variable-intensity sonication. AUC values less than 0.5 corre-

spond to negative prediction outcomes, i.e., for these experiments, higher echo decorrelation
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and IBS tended to predict the absence of thermal ablation. The probable reason for these

anomalous results is that 9 cycles of sonication at 38.3 W/cm2 induced heating insufficient

to cause high decorrelation or hyperechoic activity (high tissue reflectivity) at the ablation

site. Previous analyses have shown that high decorrelation occurs most consistently for

temperatures exceeding 80 ◦C [92]. In addition, prediction performance for this group was

adversely affected by false-positive predictions due to substantial echo decorrelation and tis-

sue brightness outside the heated region (Fig. 3.7 (I-a,b) and Fig. 3.8 (I-a,b)), believed to

be associated with air-filled cavities in the ex vivo tissue [118].

Comparing ablation outcomes of the two control approaches, successfully controlled trials

using the average-decorrelation criterion with variable-intensity sonication showed larger and

more consistent coagulation areas but also significantly longer treatment times, compared

to successfully controlled trials using the minimum-decorrelation criterion with constant-

intensity sonication (Fig. 3.13). Results of the retrospective study comparing post hoc-

applied feedback criteria indicate that the different feedback approaches did not cause these

differences in ablation outcomes. Therefore, the likely reason is the different sonication

scheme used for each control approach. The larger observed ablation area for controlled

ablation using the variable-intensity sonication scheme was primarily due to a significant

increase in lesion width (along the azimuthal direction, parallel to the transducer surface),

rather than in lesion depth as originally anticipated for the variable-intensity sonication

sequence, possibly because the overall tissue heating rate was lower. Similarly, the shorter

treatment time for controlled trials using the constant-intensity sonication scheme is likely

due to the faster heating rate early in these trials, leading to earlier occurrence of high echo

decorrelation.

Several studies [122, 126, 127] have investigated the relation between complications (e.g.,

bleeding, dissemination, and tumor metastasis) arising from RFA treatment and the occur-

rence of audible popping sounds due to tissue vaporization, believed to cause significant
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mechanical damage to tissue. Methods employed to delay this vaporization have included

monitoring tissue impedance [122], applying lower RF power (i.e., maximum 70 W) [127]

and injecting Sonazoid R© microbubbles [126]. In the experiments reported here, audible pop-

ping sounds always coincided with large echo decorrelation (maximum ensemble-averaged

decorrelation > 10−2 per ms) or IBS (maximum ensemble-averaged IBS > 15 dB) values

at the same cycle. These results suggest that control by echo decorrelation or IBS, e.g.

using lower thresholds, could be useful to reduce or prevent tissue vaporization and the

concomitant undesirable mechanical tissue damage. The same control approach may also

help avoid RFA-induced vapor bubbles that obscure B-mode image quality during tumor

ablation [89, 128].

Compensation for motion and noise artifacts is also important for successful clinical

translation of the control approach investigated here. Recently in offline processing, echo

decorrelation artifacts due to tissue motion and electronic noise were successfully compen-

sated by the method described in Hooi et al. [70] for in vivo bulk US thermal ablation [33]

and have also been compensated using motion gating for in vivo RFA [88]. For better control

performance during future in vivo ablation experiments, motion and noise correction to echo

decorrelation imaging [70] could be implemented in real time. This approach is employed

in Chapter 4, where the cumulative ensemble-averaged echo decorrelation map from initial

sham sonication cycles is utilized to compensate echo decorrelation maps during therapy [33].

For in vivo bulk US ablation, higher acoustic intensities will be needed to overcome the heat-

sink effect due to blood perfusion. Further improved performance in the presence of tissue

motion may be achievable by combining echo decorrelation imaging with real-time image

fusion approaches employing automatic tracking of ultrasound probe position [85].
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3.5 Conclusion

Two optimized echo decorrelation imaging feedback approaches were investigated for

control of bulk US thermal ablation in ex vivo bovine liver. Feedback using either the

minimum-decorrelation or average-decorrelation criteria, with constant- or variable-intensity

sonication respectively, resulted in greater ablation rate compared to matching uncontrolled

trials. Either feedback criterion, when employing control thresholds and ROIs optimized by

the same approach, provided equivalent information on ablation progress. Successfully con-

trolled ablation trials using either approach also provided better prediction of local ablation

than uncontrolled trials. These results indicate that echo decorrelation imaging feedback,

using either minimum-decorrelation or average-decorrelation criteria, is feasible for control

of bulk thermal ablation.
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Chapter 4

In vivo ultrasound thermal ablation controlled using echo

decorrelation imaging

4.1 Objectives

In Chapters 2 and 3, echo decorrelation imaging was successfully validated for control-

ling ex vivo ultrasound (US) thermal ablation in bovine liver [118, 119]. Results from the

previous ex vivo studies indicated that preclinical translation of the proposed real-time con-

trol method is feasible with some considerations. These considerations include necessary

modifications to the stopping criteria previously employed in the controlled ex vivo US ex-

periments, to be consistent with in vivo tissue acoustical and anatomical characteristics.

Also, compensating the effect of artifactual echo decorrelation due to motion and noise is an

essential consideration for controlling thermal ablation in vivo.

The ability of echo decorrelation imaging to monitor in vivo US treatments in rabbit

liver and VX2 tumor was successfully demonstrated by Fosnight et al. [33], without real-

time control. In spite of the low sensitivity of echo decorrelation imaging to motion artifacts,

liver motion during treatment was thought to cause overprediction in some trials [33]. A

motion and noise correction method [70] was used to correct cumulative echo decorrelation

maps computed from stored echo data. Here, the same correction method was implemented
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to work simultaneously with the real-time control algorithm to provide corrected cumulative

echo decorrelation maps in real time.

In this chapter, the feasibility of controlling in vivo US thermal ablation, including HIFU

and unfocused (bulk) US, using motion-corrected echo decorrelation imaging feedback in rab-

bit liver and VX2 tumor was investigated. Ablation outcomes and the prediction capability

of echo decorrelation imaging for the controlled trials were compared with the uncontrolled

in vivo US experiments reported by Fosnight et al. [33].

4.2 Materials and methods

In this section, the experimental setup and procedures for controlled in vivo US ther-

mal ablation in rabbit liver and VX2 tumor are explained in detail. Methods described

previously in Chapter 2 for treatment imaging and control (Section 2.2.2.b), image process-

ing (Section 2.2.2.c), image segmentation and registration (Section 2.2.2.d), and ablation

prediction assessment (Section 2.2.2.e) were utilized here with minor modifications.

4.2.1 Motion-corrected feedback control algorithm

The real-time feedback control algorithm employed here was previously validated in ex

vivo bovine liver experiments to control HIFU [118] (Chapter 2) and bulk US [119] (Chapter

3) ablation treatments. For better prediction and control performance, the motion and

noise compensation method previously described by Hooi et al. [70] was integrated with the

control algorithm, such that the effect of motion-induced decorrelation was corrected in real

time. Corrected cumulative ensemble-averaged echo decorrelation maps (∆corr) [33] for each

therapy cycle were computed as

∆(y, z,m)corr =
∆(y, z,m)cum −∆sham

1−∆sham

(4.1)
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where y and z are azimuth and range image coordinates, m is the therapy cycle index, and

∆sham is the cumulative ensemble-averaged echo decorrelation map computed for sham cycles

(i.e., treatments with zero acoustic power). In the corrected decorrelation map, points where

∆(y, z,m)corr < 0 were replaced by the minimum of ∆sham.

Figure 4.1: GUI of the C++ application used for in vivo US thermal ablation imaging and
control. (a) Instantaneous hybrid B-mode/echo decorrelation image. (b) Cumulative echo
decorrelation map for each therapy cycle, corrected in real time using decorrelation from
sham ablation cycles; the control region of interest is bounded by a yellow line.

The average of ∆(y, z,m)corr inside the control ROI (∆avg) was used as a feedback criterion

to control HIFU or bulk US treatments. Therapy cycles were repeated until ∆avg exceeded a
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prespecified control threshold (∆th) or the sonication cycle index m exceeded the maximum

number of therapy cycles [118] (M = 18).

The graphical user interface (GUI) utilized previously in Chapters 2 and 3 was modified

by adding more features for better monitoring and control performance, as shown in Fig.

4.1. The user was able to select the appropriate control ROI shape and size for HIFU or

bulk US ablation. Coordinates of both control and decorrelation ROIs were adjusted when

needed to be within liver lobe boundaries.

4.2.2 In vivo US ablation experiments

Tumor implantation and US ablation experiments were performed according to a protocol

approved by the University of Cincinnati Institutional Animal Care and Use Committee. For

tumor implantation, New Zealand white rabbits were sedated using ketamine (10 mg/kg) and

xylazine (3 mg/kg) and anesthetized using isoflurane. VX2 tumor fragments were implanted

in the three liver lobes of each animal (N = 8). Each tumor fragment was implanted such

that the distance from the inferior liver lobe edge to the tumor was approximately half the

azimuthal width of the transducer’s standoff (19 mm).

After two weeks tumor growth, US ablation experiments were performed on rabbit liver

and VX2 tumor in open surgery. Before each treatment, the animal was sedated and its

liver was exposed. Before starting US ablation, the tumor was located on each liver lobe

surface by inspection and palpation. A standalone acrylic standoff, identical to the standoff

integrated with the US transducer, was used to center the transducer over the tumor surface

by marking the standoff corners on the liver capsule with a skin marking pen (Accu-line

Products Inc., Hyannis, MA). Thereafter, an acoustic gel pad (Aquaflex, Parker Laboratories

Inc., Fairfield, NJ) and acoustic absorber (Precision Acoustics Ltd, Dorset, UK) were cut,

thinned, and placed beneath the target zone to minimize acoustic reflection and to constrain

the shape of the liver lobe (Fig. 4.2(b)). The array was aligned using a 3D positioning arm
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(NOGA Engineering Ltd, Israel) over the marked target zone (Fig. 4.2(a)) and the tumor

location was confirmed visually using the B-mode image on the IRIS 2 system screen. At

the end of US ablation experiments, the rabbit was sacrificed using Euthasol (200 mg/kg),

and its liver was excised and placed in a 0.01M phosphate buffered saline solution.

Figure 4.2: Experimental setup. (a) Image-treat array placed on the rabbit liver capsule
during open surgery. (b) Bulk thermal ablation of VX2 tumor. (c) HIFU thermal ablation
of liver followed by left and right marking exposures.
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Ultrasound treatment and imaging were controlled by the Iris 2 US imaging and therapy

system (Ardent Sound Mesa, AZ, USA) [102]. Using a dual-mode custom image-treat array

transducer (64 element, 4.8 × 24.4 mm2 aperture, 5.35–5.50 MHz), pulse-echo US imaging

(> 40% bandwidth, transmit focal depth 3.5 cm, F -number 4) and US ablation (maximum

acoustic power 35 W) were performed. The transducer was integrated with a 23 mm standoff

which was sealed by a transparent film (Tegaderm, 3M Health Care, St. Paul, MN) and filled

with deionized, degassed water.

As with the ex vivo experiments described in Chapters 2 and 3, US exposures were

performed in cycles with sonication followed by pulse-echo imaging and RF data acquisition.

During the imaging period, twenty beamformed RF echo frames were acquired with an

8.62 ms inter-frame time (frame rate 116 Hz). RF frames were sampled and digitized using a

data acquisition card (14-bit, 33.3 MHz sampling rate; Compuscope 14200, Gage Applied).

Digital RF frames were processed by Hilbert transform to provide in-phase and quadrature

(IQ) complex components, demodulated using a 5.0 MHz carrier frequency, and decimated

by a factor of 6. Processed IQ frames were used to compute B-mode and echo decorrelation

images

Within 3 hours after animal sacrifice, ablated liver and VX2 tumor tissue were sectioned

along the image plane and stained with 2% triphenyl tetrazolium chloride (TTC) vital stain.

Ablated tissue histology was assessed based on TTC stain uptake. For liver tissue, regions

of full TTC uptake (stained red) were interpreted as non-ablated, regions of partial or no

TTC uptake (stained pale red) were interpreted as treated, and regions of no TTC uptake

(stained brown) were interpreted as ablated [105]. For tumor tissue, regions of full TTC

uptake (stained pale red) were interpreted as non-ablated, regions of partial or no TTC

uptake (stained faint white) were interpreted as treated, and regions of no TTC uptake

(stained white) were interpreted as ablated. TTC-stained sections were optically scanned

at 1200 dpi (CanoScan 8800F, Canon, Tokyo, Japan). Of the two facing cross-sections, one
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was chosen for segmentation by examining the treated lesion and tumor size. The cross-

section with the larger lesion size (or if those were equal, the larger tumor size) was chosen.

Scanned histologic images were then manually segmented into non-ablated, treated, and

ablated regions [33]. TTC-segmented sections were co-registered using a custom 2D rigid

registration MATLAB application as described in Section 2.2.2.d [118].

4.2.3 Controlled HIFU ablation experiments

HIFU treatments were performed using the same timing sequence (0.7 s therapy and 2.2 s

imaging per cycle) and control ROI (1×1 mm2) previously employed in Chapter 2 [118]. The

variable intensity sonication sequence previously tested in ex vivo bulk US ablation (Chapter

3) was employed. The echo decorrelation threshold ∆th was chosen as the optimal threshold

for local ablation prediction in VX2 tumor computed by Fosnight et al. [33] in a similar in

vivo study. This threshold was −2.3 (log10-scaled decorrelation per ms), which corresponded

to 90% specificity and 43% sensitivity in the previous study [33].

For HIFU treatments (N = 14), the control ROI was placed 2 mm below the tissue

surface. The variable sonication sequence began with 9 sham cycles, followed by 9 son-

ication cycles (5.35–5.50 MHz, 24% duty) at 1022.0 W/cm2 ISPTP and up to 9 cycles at

1192.4 W/cm2, with treatments ending when ∆avg within the control ROI exceeded ∆th or

when m exceeded M . The lower and higher intensities employed here were selected as the

average and maximum values of the intensities used by Fosnight et al. [33] for uncontrolled in

vivo HIFU experiments, to increase the likelihood of ablation completion. Controlled trials

were compared with in vivo uncontrolled HIFU trials (N = 12) [33] (6–9 cycles, 5.0–5.4

MHz, 17.5–20.0% duty, 911–1351 W/cm2 ISPTP).

After each HIFU treatment, two marking lesions were performed at the left and right

of each HIFU lesion, as shown in Fig. 4.2(c), to facilitate post-treatment tissue sectioning

and for better registration of histologic and US images. Marking lesions were performed
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using controlled unfocused exposures fired from the first (1 to 10) or last 10 elements (55

to 64) of the transducer. For the marking exposures, a control ROI, with the same size as

the control ROI for HIFU exposures, was positioned 2 mm below the tissue top surface and

azimuthally at the center of each 10-element’s aperture (10.3 mm left or right from the focal

point [33]). Marking exposures were controlled using the same control criteria employed for

HIFU ablation. Unfocused sonications employed 6 s pulses (73.1% duty) with 53.8 W/cm2

ISPTP up to a maximum of 9 therapy cycles, or ended when ∆avg within the control ROI

exceeded ∆th. Further details on all controlled in vivo HIFU trials can be found in the

Appendix.

4.2.4 Controlled bulk US ablation experiments

Bulk US treatments were performed using variable intensity sonication sequences using

the same timing scheme (6.0 s therapy and 2.2 s imaging per cycle) previously described in

Chapter 3 for ex vivo bulk US ablation experiments [119].

Bulk US thermal treatments were controlled using the average-decorrelation criterion

(Section 3.2.4) with minor modifications in ROI shape to match the size of rabbit liver lobe’s

cross-section and the thermal lesion shape. A post hoc analysis was performed on archived

TTC-segmented tissue sections of rabbit liver and VX2 tumor (N = 10) [33] to compute the

average and standard deviation of lesion widths, depths, and areas. Results of the post hoc

analysis were compared with average lesion dimensions of the bulk ex vivo trials controlled

using the average-decorrelation criterion (Fig. 3.10). Lesion depths (11.2 ± 3.8 mm) and

areas (2.4±0.8 cm2) for rabbit liver were smaller than lesion depths and areas for the bovine

liver by approximately 30%. Hence, the control ROI depth used in previous ex vivo bulk

experiments was reduced by 30% to be 6 mm. For consistency, ROI area was kept the same

by increasing the lateral distance between the rectangle edges by 50% on each side. The
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resulting control ROI was selected as 18 mm in width × 6 mm in depth, as shown in Fig.

4.3.

Figure 4.3: Control ROI selection. (a) The control ROI for previous bulk ex vivo ablation
experiments (12 mm × 9 mm) was modified to match (b) a typical in vivo lesion shape,
resulting in an ROI width of 18 mm and depth of 6 mm.

For bulk US treatments (N = 10), the control ROI was placed 2 mm below the tissue

surface. For some thinner liver lobes, the ROI was approximately centered between the top

and bottom lobe boundaries. For controlled bulk US treatments, the variable sonication

sequence began with 9 sham cycles, followed by 9 sonication cycles (5.35–5.50 MHz, 73.1%

duty) at 38.12 W/cm2 ISPTP and up to 9 cycles at 44.47 W/cm2, with treatments ending

when ∆avg within the ROI exceeded ∆th or when m exceeded M . The lower and higher

intensities employed here were selected as the average and maximum values of the intensities

used by Fosnight et al. [33] for the uncontrolled in vivo bulk US experiments. Controlled
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trials were compared with uncontrolled in vivo trials (N = 10) (7–9 therapy cycles, 5.0–

5.4 MHz, 60–70.5% duty, 50–63 W/cm2 ISPTP), previously reported by Fosnight et al. [33].

Further details on all controlled in vivo bulk US trials can be found in the Appendix.

4.2.5 Data analysis

Tumor growth was assessed and effective tumor diameters were computed after tissue

processing. Using the binary histology masks for all trials with tumors (N = 17), effective

tumor diameters were calculated for the tissue cross-section from the imaging/therapy plane

with greater tumor area using the MATLAB built-in function regionprops(). Effective

tumor diameter was defined as the length of the major axis of the ellipse with the same

normalized second central moments as the segmented tumor region.

Previous uncontrolled HIFU and bulk US experiments [33] which utilized echo decor-

relation imaging feedback to monitor thermal therapy, without using the proposed control

algorithm, are referred to here as uncontrolled groups. For consistent comparison with the

controlled groups, cumulative echo decorrelation maps for HIFU (N = 13) and bulk US

(N = 10) uncontrolled trials were computed using only the first 20 RF frames from each

cycle to match the controlled trials reported here.

Successfully controlled trials for both the controlled HIFU and bulk US groups were

defined as trials stopped by the control algorithm when ∆avg exceeded ∆th. Unsuccessfully

controlled trials were defined as trials that were not stopped by the control algorithm, but

instead by the predefined maximum number of therapy cycles (M = 18). HIFU and bulk US

trials were excluded from all statistical analyses if they stopped due to software malfunction

or if they incurred problems in histology processing. Also excluded were HIFU trials with

lesions that extended from the top to bottom boundaries of the liver lobe [33].

In a post hoc analysis, both the controlled and uncontrolled groups were assessed for

complete treatment of the control ROI. For HIFU exposures, the control ROI (1 × 1 mm2)
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was placed 2 mm below the tissue surface for both controlled and uncontrolled HIFU trials.

For bulk US exposures, the control ROI (18 mm× 6 mm) was placed 2 mm below the tissue

surface for both controlled and uncontrolled bulk US trials. The control ROI was considered

fully treated if it was completely encompassed by the treated tissue (partial or no TTC

uptake region) boundaries.

In a retrospective analysis, the effect of motion and noise correction on all trials for

the controlled group was assessed by comparing ∆avg with and without applying the com-

pensation method of Eq. (4.1). For both HIFU and bulk US exposures, the control ROI

(1× 1 mm2 and 18 mm× 6 mm respectively) was placed 2 mm below the tissue surface and

the computation ROI for the echo decorrelation map was adjusted to the same coordinates

recorded during the in vivo experiment. Means and standard deviations of corrected and

uncorrected ∆avg were computed for both controlled HIFU and bulk US trials. Differences

between corrected and uncorrected ∆avg were tested statistically using the two-sample t-test

(one-tailed, significance criterion p < 0.05) for both controlled HIFU and bulk US trials.

To statistically compare the ablation outcomes of controlled and uncontrolled groups

for HIFU and bulk US trials, thermal lesions for each trial were characterized by their

dimensions. For HIFU treatments, lesion width, depth, and area of treated regions (partial or

no TTC uptake) were computed from segmented histologic images using a custom MATLAB

application. Lesion depth was defined as the difference between the deepest treated point

along the array axis and its projection on the tissue surface. Lesion width was defined as

the difference between the left and right edges of the treated region along the azimuthal

direction at half the measured lesion depth. Lesion area was calculated as the total area of

all pixels classified as treated tissue. Ablation rate was computed as the treated area (cm2)

per unit treatment time in minutes (min).

For bulk US treatments, treated lesion dimensions and ablation rate for each trial were

computed as described for HIFU trials. Lesion depths were excluded from the analysis
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because all treated regions extended from the top to bottom boundaries of the rabbit liver

lobe.

Statistical analysis of lesion dimensions and ablation rate were done using R software (R

Foundation, Vienna, Austria). Means and standard errors of lesion width, area, and abla-

tion rate were computed for the controlled and uncontrolled groups. Normality of data was

tested using the Shapiro-Wilk test [123] with the significance criterion p < 0.05. Equality of

variances between the controlled and uncontrolled groups was tested using the two-sample

F -test. For normally distributed groups with equal variances, the difference in means was

tested statistically using the two-sample t-test (significance criterion p < 0.05). For normally

distributed groups with unequal variances, the difference in means was tested statistically us-

ing Welch’s two-sample t-test (significance criterion p < 0.05). For non-normally distributed

groups with equal variances, the difference in medians was tested statistically using the two-

sample Wilcoxon signed-rank test [129] (significance criterion p < 0.05). For non-normally

distributed groups with unequal variances, the difference in cumulative data distributions

was tested statistically using the two-sample Kolmogorov-Smirnov (KS) test [130] (signifi-

cance criterion p < 0.05).

To investigate the effect of different tissue types on HIFU ablation outcomes and treat-

ment time, additional statistical analyses for trials treating liver only or VX2 tumor only

(i.e., HIFU lesions within the tumor margins) were performed. Lesion dimensions, ablation

rate, and treatment time were compared for liver-only vs. tumor-only for both controlled

and uncontrolled groups using the methods described above.

Prediction of US thermal ablation in rabbit liver and VX2 tumor using echo decorrelation

and integrated backscatter imaging was assessed by computing receiver operating character-

istic (ROC) curves and area under the ROC curve (AUC) values for each group, as previously

described in Section 2.2.2.e [33, 88]. ROC curves were computed by comparing thresholded

corrected cumulative echo decorrelation or IBS images to segmented binary masks for each
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trial [33, 88]. The rate of true-positive predictions (Sensitivity) versus the rate of false-

positive predictions (1− Specificity) was plotted over the entire range of echo decorrelation

or IBS cutoffs [106]. AUC was computed using the trapezoidal rule. ROC curves and AUC

values were computed separately for echo decorrelation and IBS prediction of treated and

ablated regions in liver and VX2 tumor for HIFU exposures, bulk US exposures, and all

exposures combined within both the controlled and uncontrolled groups.

AUC values were tested for statistical significance against the null hypothesis (AUC =

0.5) using a general model for the AUC standard error [106] (one-tailed, significance criterion

p < 0.05). Differences between AUC values (controlled vs. uncontrolled groups, VX2 tumor

vs. liver, and echo decorrelation vs. IBS prediction) were tested using the method of DeLong

et al. [107, 108] (significance criterion p < 0.05, two-tailed). Statistical tests of AUC were

adjusted using effective sample sizes determined from the maximum packing density (hexag-

onal packing) of circular windows with diameter matching the spatial resolution of echo

decorrelation images (d = 2.355 mm for a Gaussian correlation window width σ = 1 mm) as

previously described in Section 2.2.2.e [33, 88].

Differences between average cumulative decorrelation (log10-scaled decorrelation per ms)

or average cumulative decibel-scaled IBS values in treated vs. non-treated, as well as in

ablated vs. non-ablated rabbit liver and VX2 tumor were tested statistically using the two-

sample t-test (one-tailed, significance criterion p < 0.05) for both the controlled and uncon-

trolled groups. Differences between average cumulative decorrelation or average cumulative

decibel-scaled IBS values for controlled versus uncontrolled trials, or in VX2 tumor ver-

sus rabbit liver, were tested using the two-sample t-test (two-tailed, significance criterion

p < 0.05), as previously employed by Fosnight et al. [33].

To assess the ability of echo decorrelation and IBS imaging to predict ablated area (i.e.,

area of the tissue region with no TTC uptake), optimal echo decorrelation and IBS thresholds

for local ablation prediction in rabbit liver and VX2 tumor were determined from ROC curves
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computed for all exposures combined from both controlled and uncontrolled trials (N = 43).

Optimum cutoffs were selected as the thresholds nearest to the top-left corner of the ROC

curves. Using these cutoffs, absolute and normalized RMS errors between predicted and

ablated areas were computed separately for HIFU and bulk exposures from both controlled

and uncontrolled groups as previously described in Section 2.2.4. The same analysis was

employed to assess the ability of echo decorrelation and IBS imaging to predict treated

area (i.e., area of the tissue region with partial or no TTC uptake). A similar method

was previously employed by Fosnight et al. [33], using ROC curves computed for bulk US

exposures only.

4.3 Results

Tissue sectioning results revealed that 22 out 24 implanted VX2 tumors were successfully

grown in two weeks. Mean and standard deviation of measured effective diameters for the

ablated VX2 tumors (N = 17) was 9.57± 5.24 mm. Effective tumor diameters for each the

controlled HIFU (N = 7) and bulk US (N = 10) thermal ablation trial are shown in Table

A.4 and A.5 respectively.

Four controlled trials were excluded from further analysis, including 2 trials out of 14

attempts for the controlled HIFU group and 2 trials out of 10 attempts for the controlled

bulk US group. One HIFU trial was successfully stopped by the control algorithm after

only one therapy cycle when ∆avg exceeded ∆th, resulting in a very small HIFU lesion and

inconclusive TTC-stained gross histology. Another HIFU trial with a lesion extending from

the top to bottom boundary of the liver lobe was also excluded, as done in the previous

uncontrolled in vivo ablation study [33]. One bulk US trial was stopped prematurely due

to synchronization problems in data acquisition, resulting in erroneously high decorrelation.

Another bulk US trial encountered a software malfunction due to an unknown operating

system error, leading to a sudden restart of the computer.
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The modified closed loop control algorithm, employing similar stopping criteria for both

HIFU (N = 12) and bulk US (N = 8) ablation experiments, successfully ceased treatment

when the control threshold (log10-scaled echo decorrelation per ms: −2.3) was exceeded in

all successfully controlled trials. Treatment (defined as a region of partial or no TTC uptake)

was confirmed in all successfully controlled trials for both series of experiments. The control

ROI (18 mm×6 mm) for bulk US treatments was completely treated (i.e., falling within the

region of partial or no TTC uptake) in 7 out of 8 controlled trials (mean ± standard deviation

99.5% ± 1.1% of full ROI treatment) and 8 out of 10 uncontrolled trials (98.5% ± 5.5% of

full ROI treatment). The control ROI (1 × 1 mm2) for HIFU treatments was fully treated

in 6 out of 12 controlled trials (87.9% ± 19.7% of full ROI treatment) and 10 out of 13

uncontrolled trials (87.5%± 29.7% of full ROI treatment).

Means and standard deviations for the corrected vs. uncorrected ∆avg inside the control

ROI were −1.99± 0.18 vs. −2.04± 0.20 for the HIFU controlled group and −2.05± 0.20 vs.

−2.06±0.20 for the bulk US controlled group. There were no significant differences between

corrected and uncorrected ∆avg values for either controlled HIFU or bulk US trials.

Histologic (I), hybrid B-mode/echo decorrelation (II), and hybrid B-mode/IBS (III) im-

ages for HIFU and bulk US controlled trials are shown in Fig. (4.4)–(4.8). In the tissue

sections, the red, black, blue, and green boundaries indicate the segmented tissue, tumor,

treated (partial or no TTC uptake), and ablated (no TTC uptake) regions. In the US images

(II) and (III), the white line indicates segmented tissue boundaries and the yellow dashed

line represents the optimum prediction threshold for local tissue ablation for both controlled

and uncontrolled US exposures (N = 43) using echo decorrelation imaging (log10-scaled echo

decorrelation per ms: −2.9) and IBS imaging (2.3 dB), respectively. Echo decorrelation and

IBS prediction of thermal lesioning showed reasonable agreement with the TTC-stained his-

tology for HIFU and bulk experiments, except for the trial treating a tumor with a large

necrotic core, as shown in Fig. 4.5(G).
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Figure 4.4: Histologic, hybrid B-mode/echo decorrelation, and hybrid B-mode/IBS images
for HIFU controlled trials. In the tissue sections, the red, black, blue, and green boundaries
indicate the segmented tissue, tumor, treated, and ablated regions. In the US images, the
white line indicates segmented tissue boundaries and the yellow dashed line represents the
optimum prediction threshold for local tissue ablation for all US exposures of both groups.
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Figure 4.5: Continued histologic, hybrid B-mode/echo decorrelation, and hybrid B-
mode/IBS images for HIFU controlled trials.
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Figure 4.6: Continued histologic, hybrid B-mode/echo decorrelation, and hybrid B-
mode/IBS images for the HIFU controlled trials.
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Figure 4.7: Histologic, hybrid B-mode/echo decorrelation, and hybrid B-mode/IBS images
for bulk US controlled trials. In the tissue sections, the red, black, blue, and green boundaries
indicate the segmented tissue, tumor, treated, and ablated regions. In the US images, the
white line indicates segmented tissue boundaries and the yellow dashed line represents the
optimum prediction threshold for local tissue ablation for all US exposures.
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Figure 4.8: Continued histologic, hybrid B-mode/echo decorrelation, and hybrid B-
mode/IBS images for bulk US controlled trials.
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Statistical analyses of ablation outcomes and treatment time for all successfully controlled

(N = 12) and uncontrolled (N = 13) HIFU trials are shown in Fig. 4.9(a)–(d). For lesion

widths (Fig. 4.9(a)), means ± standard errors were 2.10± 0.27 mm for the controlled group

and 2.65± 0.27 mm for the uncontrolled group. For lesion depths, means ± standard errors

were 4.69 ± 0.41 mm for the controlled group and 4.56 ± 0.54 mm for the uncontrolled

group. For lesion areas (Fig. 4.9(b)), means ± standard errors were 0.10± 0.02 cm2 for the

controlled group and 0.12± 0.02 cm2 for the uncontrolled group. For treatment times (Fig.

4.9(c)), means ± standard errors were 14.5±3.31 s for the controlled group and 33.9±0.64 s

for the uncontrolled group. For ablation rates (Fig. 4.9(d)), means ± standard errors were

0.48± 0.06 cm2/min for the controlled group and 0.22± 0.04 cm2/min for the uncontrolled

group. All lesion dimensions and ablation rates passed the Shapiro normality test (p > 0.05)

and the F -test for equality of variances (p > 0.05). Controlled trials had significantly higher

average ablation rate than uncontrolled trials (p = 8.4 · 10−4). There were no significant

differences between lesion dimensions for the controlled group vs. the uncontrolled group.

Controlled trials had smaller average lesion width, depth, and area than the uncontrolled

trials (p = 0.170, p = 0.842, and p = 0.457, respectively). Treatment time data failed the

normality (p < 0.05) and equality of variances (p = 3.5 · 10−6) tests. Based on the KS test,

there was a significant difference between distributions of treatment times (p = 3.4 ·10−4) for

the controlled group vs. uncontrolled group, consistent with smaller mean treatment time

for the controlled group (14.5± 3.31 s compared to 33.9± 0.64 s).

Statistical analyses of ablation outcomes and treatment time for HIFU trials treating

rabbit liver only are shown in Fig. 4.10(a)–(d) for controlled (N = 6) and uncontrolled

(N = 7) groups. For lesion widths (Fig. 4.10(a)), means ± standard errors were 1.80 ±

0.24 mm for the controlled group and 3.26 ± 0.19 mm for the uncontrolled group. For

lesion depths, means ± standard errors were 3.72 ± 0.29 mm for the controlled group and

5.63±0.51 mm for the uncontrolled group. For lesion areas (Fig. 4.10(b)), means ± standard
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Figure 4.9: Statistical analysis of ablation results in rabbit liver and VX2 tumor for controlled
and uncontrolled HIFU trials. Means and standard errors of (a) lesion width, (b) treated
area, (c) treatment time, and (d) ablation rate. (∗∗∗ p < 10−3)

errors were 0.07±0.025 cm2 for the controlled group and 0.16±0.018 cm2 for the uncontrolled

group. For treatment times (Fig. 4.10(c)), means ± standard errors were 9.2± 2.0 s for the

controlled group and 34.7±0.8 s for the uncontrolled group. For ablation rates (Fig. 4.10(d)),

means ± standard errors were 0.51 ± 0.09 cm2/min for the controlled group and 0.27 ±

0.04 cm2/min for the uncontrolled group. All lesion dimensions and ablation rates passed

the Shapiro normality test (p > 0.05) and the F -test for equality of variances (p > 0.05).

Controlled trials had significantly smaller lesion width (p = 4.6 · 10−3), depth (p = 0.010),

and area (p = 0.022) than the uncontrolled trials. Controlled trials had significantly higher
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average ablation rate than uncontrolled trials (p = 0.025). Treatment time data failed the

normality test (p < 0.05), but passed the equality of variances test (p = 0.07). Based on the

Wilcoxon signed-rank test, median treatment time for controlled trials was significantly less

than uncontrolled trials (p = 2.5 · 10−3).

Figure 4.10: Statistical analysis of ablation results for controlled and uncontrolled HIFU
trials treating rabbit liver only. Means and standard errors of (a) lesion width, (b) treated
area, (c) treatment time, and (d) ablation rate. (∗ p < 0.05, ∗∗ p < 10−2, and ∗∗∗ p < 10−3)

Statistical analyses of ablation outcomes and treatment time for HIFU trials treating

VX2 tumor only are shown in Fig. 4.11(a)–(d) for controlled (N = 3) and uncontrolled

(N = 5) groups. For lesion widths (Fig. 4.11(a)), means ± standard errors were 1.86 ±

0.20 mm for the controlled group and 1.75 ± 0.42 mm for the uncontrolled group. For
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lesion depths, means ± standard errors were 5.19 ± 0.65 mm for the controlled group and

3.08±0.87 mm for the uncontrolled group. For lesion areas (Fig. 4.11(b)), means ± standard

errors were 0.09±0.012 cm2 for the controlled group and 0.06±0.031 cm2 for the uncontrolled

group. For treatment times (Fig. 4.11(c)), means ± standard errors were 20.3 ± 8.9 s for

the controlled group and 33.3 ± 1.1 s for the uncontrolled group. For ablation rates (Fig.

4.11(d)), means ± standard errors were 0.39 ± 0.18 cm2/min for the controlled group and

0.11 ± 0.06 cm2/min for the uncontrolled group. All lesion dimensions passed the Shapiro

normality test (p > 0.05) and the F -test for equality of variances (p > 0.05). Ablation

rates failed the normality test (p < 0.05), but passed the equality of variances test (p =

0.14). There were no significant differences between lesion dimensions for the controlled

and uncontrolled group. Controlled trials had larger but statistically equivalent lesion width

(p = 0.850), depth (p = 0.141), and area (p = 0.513) than uncontrolled trials. Based on the

Wilcoxon signed-rank test, median ablation rate for controlled trials was not significantly

greater than uncontrolled trials (p = 0.136). Treatment time data failed the normality test

(p < 0.05) and the equality of variances test (p = 4.8 · 10−3). Based on the KS test, there

was no statistical difference between treatment times (p = 0.375) for controlled group vs.

uncontrolled group.

Results of the statistical comparisons between outcomes for controlled trials treating liver

only vs. VX2 tumor only showed smaller but statistically equivalent lesion width (t = −0.18,

p = 0.739), area (t = −0.35, p = 0.739), ablation rate (t = −0.35, p = 0.512), and treatment

time (D = 0.5, p = 0.69), but significantly smaller lesion depth (t = −2.46, p = 0.0438)

in treated liver compared to treated tumor. However, uncontrolled trials treating liver only

had significantly greater lesion width (t = 3.65, p = 0.004), depth (t = 2.70, p = 0.023), area

(t = 2.89, p = 0.016), and ablation rate (t = 2.43, p = 0.035), but statistically equivalent

longer treatment time (U = 23, p = 0.343) compared to trials treating tumor only.
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Figure 4.11: Statistical analysis of ablation results for controlled and uncontrolled HIFU
trials treating VX2 tumor only. Means and standard errors of (a) lesion width, (b) treated
area, (c) treatment time, and (d) ablation rate.

Ablation outcomes and treatment time statistics for controlled and uncontrolled bulk US

trials are shown in Fig. 4.12(a)–(d). For lesion widths (Fig. 4.12(a)), means± standard errors

were 22.17±1.28 mm for the controlled group and 24.79±0.85 mm for the uncontrolled group.

For lesion areas (Fig. 4.12(b)), means± standard errors were 2.04±0.24 cm2 for the controlled

group and 2.54 ± 0.26 cm2 for the uncontrolled group. For treatment times (Fig. 4.12(c)),

means ± standard errors were 52.28 ± 6.74 s for the controlled group and 75.95 ± 3.02 s

for the uncontrolled group. For ablation rates (Fig. 4.12(d)), means ± standard errors were

2.50± 0.29 cm2/min for the controlled group and 2.05± 0.24 cm2/min for the uncontrolled
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group. All data passed the Shapiro normality test (p > 0.05) and the F -test for equality of

variances (p > 0.05) except that lesion areas failed the normality test (p = 0.038). There

were no significant differences between lesion dimensions for the controlled group vs. the

uncontrolled group. Controlled trials had smaller average lesion width than the uncontrolled

trials (p = 0.098). According to the Wilcoxon signed-rank test, median area for controlled

trials was not significantly smaller than uncontrolled trials (p = 0.351). Controlled trials

were completed in significantly less time than uncontrolled trials (p = 0.034). Controlled

trials had higher average ablation rate than uncontrolled trials (p = 0.251). ROC curves

Figure 4.12: Statistical analysis of ablation results for controlled and uncontrolled bulk US
trials. Means and standard errors of (a) lesion width, (b) treated area, (c) treatment time,
and (d) ablation rate. (∗∗ p < 10−2)
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Table 4.1: Results of paired, one-tailed z tests comparing AUC values for echo decorrelation
prediction of treated and ablated regions in liver and VX2 tumor vs. chance (AUC = 0.5)
(z-statistic (p value)).

Liver VX2 tumor
HIFU Treated Ablated Treated Ablated

Controlled 5.58 (1.19 · 10−8) 5.28 (6.29 · 10−8) 2.49 (0.006) 1.09 (0.139)
Uncontrolled 8.88 (< 10−16) 7.29 (1.55 · 10−13) 1.62 (0.052) 1.55 (0.061)

Bulk
Controlled 3.44 (2.9 · 10−4) 2.20 (0.015) 1.08 (0.140) 3.74 (9.2 · 10−5)

Uncontrolled 3.74 (8.9 · 10−5) 3.96 (3.7 · 10−5) 3.39 (3.4 · 10−4) 2.05 (0.020)
All exposures

Controlled 12.43 (< 10−16) 8.40 (< 10−16) 1.82 (0.034) 2.77 (2.8 · 10−3)
Uncontrolled 19.70 (< 10−16) 17.90 (< 10−16) 2.54 (5.6 · 10−3) 2.72 (3.2 · 10−3)

and AUC values for echo decorrelation prediction of treatment (partial or no TTC uptake)

and ablation (no TTC uptake) in rabbit liver and VX2 tumor for HIFU, bulk US, and

all exposures combined are shown in Figs. (4.13)–(4.15). Statistical analysis results for

comparisons between AUC values for the controlled and uncontrolled groups and relative to

chance (AUC = 0.5) are shown in Table 4.1. For liver treatment and ablation, AUC values

were significantly greater than chance for HIFU, bulk US, and all exposures combined for

both controlled and uncontrolled trials. For VX2 tumor treatment, AUC was significantly

greater than chance for controlled HIFU trials, uncontrolled bulk US trials, and all exposures

combined for both controlled and uncontrolled trials. For VX2 tumor ablation, AUC was

significantly greater than chance for bulk US exposures and all exposures combined for both

controlled and uncontrolled trials.

Statistics of AUC comparisons between the controlled and uncontrolled groups for echo

decorrelation prediction of treated and ablated regions in rabbit liver and VX2 tumor are

shown in Table 4.2. In all cases, the controlled group showed statistically equivalent predic-

tion capability compared to the uncontrolled group.
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Figure 4.13: Receiver operating characteristic curves for echo decorrelation prediction of (a)
treatment and (b) ablation in rabbit liver and VX2 tumor for controlled and uncontrolled
HIFU experiments.
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Figure 4.14: Receiver operating characteristic curves for echo decorrelation prediction of (a)
treatment and (b) ablation in rabbit liver and VX2 tumor for controlled and uncontrolled
bulk US experiments.
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Figure 4.15: Receiver operating characteristic curves for echo decorrelation prediction of
(a) treatment and (b) ablation in rabbit liver and VX2 tumor for all focused and bulk US
exposures combined for controlled and uncontrolled trials.
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Table 4.2: Results of two-tailed z tests comparing AUC values for echo decor-
relation prediction of treated and ablated regions in liver and VX2 tumor in
controlled vs. uncontrolled trials (z-statistic (p value)).

Controlled vs. uncontrolled
Tissue Liver VX2

Exposure Treated Ablated Treated Ablated
HIFU −0.30 (0.756) 0.16 (0.873) 0.40 (0.692) −0.18 (0.857)
Bulk −0.31 (0.756) −0.94 (0.347) 0.02 (0.984) 0.53 (0.593)
All −0.93 (0.351) −1.51 (0.130) −0.53 (0.597) −0.25 (0.80)

Statistics of AUC comparisons for echo decorrelation prediction of treatment and ablation

in VX2 tumor vs. liver for controlled and uncontrolled trials are shown in Table 4.3. For

controlled trials, VX2 tumor treatment was predicted significantly better than rabbit liver

for all exposures combined and VX2 tumor ablation was predicted significantly better than

rabbit liver for bulk US exposures. For uncontrolled trials, liver treatment and ablation

were predicted significantly better than VX2 tumor treatment and ablation for all exposures

combined.

Table 4.3: Results of two-tailed z tests comparing AUC values for echo decorre-
lation prediction of treatment and ablation in VX2 tumor vs. liver for controlled
and uncontrolled trials (z-statistic (p value)).

VX2 tumor vs. liver
Groups Controlled Uncontrolled

Exposure Treated Ablated Treated Ablated
HIFU −1.12 (0.264) −1.48 (0.140) −1.78 (0.076) −1.43 (0.153)
Bulk 0.57 (0.569) 2.10 (0.037) 1.41 (0.158) 0.53 (0.596)
All −2.91 (3.6 · 10−3) −1.69 (0.092) −2.68 (0.0073) −2.09 (0.036)

Optimal echo decorrelation prediction thresholds (i.e., threshold nearest to the top-left

corner of an ROC curve) and corresponding sensitivities and specificities for local ablation
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(no TTC uptake) prediction in rabbit liver and VX2 tumor determined from ROC curves

computed for both controlled and uncontrolled groups are shown in Table 4.4. Controlled

and uncontrolled trials had approximately equivalent specificities for local ablation prediction

in liver for HIFU exposures and in VX2 tumor for bulk US exposures and for all exposures

combined.

Table 4.4: Optimal thresholds for local ablation prediction and correspond-
ing sensitivities and specificities for echo decorrelation (log10-scaled decor-
relation per ms) in liver and VX2 tumor for controlled and uncontrolled
trials.

Liver VX2 tumor
HIFU Controlled Uncontrolled Controlled Uncontrolled

Threshold −2.6 −3.0 −2.3 −2.4
Sensitivity (%) 83 91 67 78
Specificity (%) 84 84 64 63

Bulk
Threshold −2.6 −2.7 −3.4 −2.6

Sensitivity (%) 61 68 80 67
Specificity (%) 54 62 65 67
All exposures

Threshold −2.8 −3.0 −2.6 −2.6
Sensitivity (%) 70 73 61 70
Specificity (%) 71 80 59 59

Means and standard errors of the log10-scaled cumulative echo decorrelation per ms

(∆cum) in ablated and unablated rabbit liver and VX2 tumor are shown in Fig. 4.16(a)–

(c) and Fig. 4.17(a)–(c) respectively. Statistical analyses of differences in means between

∆cum in treated vs. non-treated, as well as in ablated vs. non-ablated rabbit liver and VX2

tumor for both controlled and uncontrolled groups are shown in Table 4.5. For HIFU expo-

sures, both controlled and uncontrolled trials had significantly greater mean ∆cum in ablated

than non-ablated rabbit liver. For bulk US exposures, uncontrolled trials had significantly
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greater mean ∆cum in ablated than non-ablated rabbit liver. For all exposures combined,

both controlled and uncontrolled trials had significantly greater mean ∆cum in ablated than

non-ablated rabbit liver and marginally greater mean ∆cum in ablated than non-ablated

VX2 tumor. Statistics of average ∆cum comparisons between controlled and uncontrolled

Table 4.5: Results of paired, one-tailed t-tests comparing mean ∆cum values in treated and non-
treated, as well as in ablated and non-ablated regions, for liver and VX2 tumor of controlled
and uncontrolled groups (t-statistic (p value, number of samples)).

Treated vs. non-treated Ablated vs. non-ablated
HIFU Liver VX2 Liver VX2

Controlled 3.1 (7.4 · 10−3, 9) 6.9 (4.9 · 10−4, 6) 6.4 (6.9 · 10−4, 6) 1.5 (0.104, 5)
Uncontrolled 4.0 (7.4 · 10−3, 8) 2.4 (0.030, 6) 4.3 (1.8 · 10−3, 8) 1.4 (0.125, 4)

Bulk
Controlled 5.8 (6.0 · 10−4, 7) 1.1 (0.240, 2) 0.9 (0.200, 8) 1.6 (0.080, 8)

Uncontrolled 1.7 (0.068, 9) 0.9 (0.273, 2) 2.0 (0.040, 9) 1.3 (0.160, 3)
All exposures

Controlled 5.3 (4.8 · 10−5, 16) 3.1 (8.4 · 10−3, 8) 2.9 (5.6 · 10−3, 14) 1.9 (0.040, 13)
Uncontrolled 3.4 (1.8 · 10−3, 17) 1.4 (0.100, 8) 3.7 (9.5 · 10−4, 17) 2.0 (0.050, 7)

groups in treated and ablated regions of rabbit liver or VX2 tumor, also between VX2 tumor

and rabbit liver in treated and ablated regions of the controlled or uncontrolled groups are

shown in Table 4.6. There were no significant differences between mean ∆cum for controlled

vs. uncontrolled trials in treated or ablated tissue. In most cases, there were no significant

differences between mean ∆cum in VX2 tumor vs. liver for the controlled and uncontrolled

groups in treated or ablated tissue, except that for controlled HIFU trials, ablated liver had

significantly larger mean ∆cum than ablated VX2 tumor.

ROC curves and AUC values for IBS imaging prediction of HIFU, bulk US, and all

exposures combined treatment and ablation in rabbit liver and VX2 tumor are shown in

Figs. (4.18)–(4.20), similar to Figs. (4.13)–(4.15) for echo decorrelation imaging. Statistical
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Table 4.6: Results of unpaired, two-tailed t-tests comparing mean log10-scaled
∆cum for controlled vs. uncontrolled groups and VX2 tumor vs. liver in treated
and ablated regions (t-statistic (p value)).

Controlled vs. uncontrolled VX2 vs. liver
HIFU Liver VX2 Controlled Uncontrolled

Treated 0.20 (0.842) 0.94 (0.372) 0.77 (0.460) 0.17 (0.870)
Ablated 1.22 (0.245) 0.37 (0.724) −2.91 (0.017) 0.23 (0.830)

Bulk
Treated 0.47 (0.641) 0.58 (0.571) −0.70 (0.493) −0.51 (0.617)
Ablated 0.046 (0.964) 0.65 (0.525) 0.25 (0.800) −0.37 (0.713)

All exposures
Treated 0.32 (0.753) 1.10 (0.281) 0.503 (0.620) −0.22 (0.826)
Ablated 0.89 (0.379) 0.78 (0.446) −0.36 (0.730) −0.07 (0.940)

analysis results for paired comparisons between AUC values for controlled and uncontrolled

groups against chance (AUC = 0.5) are shown in Table 4.7. For liver treatment and ablation,

AUC values were significantly greater than chance for HIFU, bulk US, and all exposures

combined for both controlled and uncontrolled trials. For VX2 tumor treatment, AUC was

significantly greater than chance for HIFU exposures and all exposures combined for both

controlled and uncontrolled trials. For VX2 tumor ablation, AUC was significantly greater

than chance for controlled bulk US exposures and all exposures combined for both controlled

and uncontrolled trials.

Statistics of comparisons between AUC values for IBS prediction of controlled vs. un-

controlled groups in rabbit liver and VX2 tumor are shown in Table 4.8. In most cases, the

controlled group showed statistically equivalent prediction capability compared to the uncon-

trolled group. AUC for controlled bulk US trials was slightly greater than for uncontrolled

bulk US trials for IBS prediction of VX2 tumor ablation.

Summary statistics for AUC comparisons between IBS prediction of treatment and ab-

lation in rabbit liver and VX2 tumor of the controlled and uncontrolled groups are shown

in Table 4.9. For the controlled bulk trials, VX2 tumor ablation was predicted significantly
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Figure 4.16: Means and standard errors of cumulative echo decorrelation (log10-scaled decor-
relation per ms) values in ablated and non-ablated rabbit liver for controlled vs. uncontrolled
(a) HIFU, (b) bulk US, and (c) all exposures combined. (∗ p < 0.05, ∗∗ p < 10−2, and
∗∗∗ p < 10−3)
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Figure 4.17: Means and standard errors of cumulative echo decorrelation (log10-scaled decor-
relation per ms) values in ablated and non-ablated VX2 tumor for controlled vs. uncontrolled
(a) HIFU, (b) bulk US, and (c) all exposures combined. (∗ p < 0.05)
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Figure 4.18: Receiver operating characteristic curves for integrated backscatter prediction
of (a) treatment and (b) ablation in rabbit liver and VX2 tumor for the controlled and
uncontrolled HIFU experiments.
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Figure 4.19: Receiver operating characteristic curves for integrated backscatter prediction
of (a) treatment and (b) ablation in rabbit liver and VX2 tumor for the controlled and
uncontrolled bulk US experiments.
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Figure 4.20: Receiver operating characteristic curves for integrated backscatter prediction
of (a) treatment and (b) ablation in rabbit liver and VX2 tumor for the controlled and
uncontrolled of all exposures combined.
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Table 4.7: Results of paired, one-tailed z tests comparing AUC values for IBS prediction
of treated and ablated regions in liver and VX2 tumor vs. chance (AUC = 0.5) (z-statistic
(p value)).

Liver VX2 tumor
HIFU Treated Ablated Treated Ablated

Controlled 7.1 (5.45 · 10−13) 5.7 (4.88 · 10−9) 2.7 (0.004) 1.4 (0.077)
Uncontrolled 3.8 (6.29 · 10−5) 2.9 (2.1 · 10−3) 1.9 (0.030) 1.3 (0.096)

Bulk
Controlled 2.5 (0.006) 2.2 (0.016) 1.2 (0.113) 4.7 (1.65 · 10−6)

Uncontrolled 2.8 (2.3 · 10−3) 4.0 (3.15 · 10−5) 1.3 (0.096) −0.003 (0.5)
All exposures

Controlled 14.6 (< 10−16) 9.9 (< 10−16) 3.6 (1.5 · 10−4) 4.5 (3.42 · 10−6)
Uncontrolled 16.4 (< 10−16) 14.9 (< 10−16) 3.4 (3.0 · 10−4) 2.9 (0.011)

Table 4.8: Results of two-tailed z tests comparing AUC values for the con-
trolled and uncontrolled trials for IBS prediction of treated and ablated
regions in liver and VX2 tumor (z-statistic (p value)).

Controlled vs. uncontrolled
Tissue Liver VX2 tumor

Exposure Treated Ablated Treated Ablated
HIFU 1.83 (0.066) 1.78 (0.075) 0.31 (0.756) 0.20 (0.845)
Bulk −0.33 (0.739) −0.98 (0.327) 0.50 (0.615) 2.29 (0.022)
All 1.35 (0.176) 0.37 (0.713) −0.05 (0.964) 0.97 (0.332)

better than rabbit liver. For all controlled exposures combined, rabbit liver treatment was

predicted significantly better than VX2 tumor.

Optimum integrated backscatter thresholds for local ablation prediction in rabbit liver

and VX2 tumor determined from the computed ROC curves for both groups and their

corresponding sensitivities and specificities are shown in Table 4.10. Tables 4.11 and 4.12

summarize statistical results of AUC comparisons between echo decorrelation and IBS pre-

diction of local treatment and ablation in rabbit liver and VX2 tumor for both controlled and

uncontrolled groups. In most cases, echo decorrelation and IBS imaging predicted treated
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Table 4.9: Results of two-tailed z tests comparing AUC values for IBS predic-
tion of treatment and ablation in VX2 tumor and liver for the controlled and
uncontrolled trials (z-statistic (p value)).

VX2 tumor vs. liver
Groups Controlled Uncontrolled

Exposure Treated Ablated Treated Ablated
HIFU −1.38 (0.166) −1.30 (0.192) −0.32 (0.750) −0.38 (0.703)
Bulk 0.79 (0.430) 2.7 (6.7 · 10−3) 0.30 (0.763) −1.2 (0.223)
All −2.21 (0.027) −1.06 (0.287) −1.45 (0.148) −1.91 (0.055)

and ablated liver and VX2 tumor with statistically equivalent capability for controlled and

uncontrolled trials. For all controlled trials combined, IBS prediction for local treatment in

VX2 tumor was significantly better than echo decorrelation. For uncontrolled HIFU trials,

echo decorrelation predicted treated and ablated liver significantly better than IBS.

Table 4.10: Optimal thresholds for local ablation prediction and corre-
sponding sensitivities and specificities for IBS (decibel-scaled) in rabbit
liver and VX2 tumor for the controlled and uncontrolled trials.

Liver VX2 tumor
HIFU Controlled Uncontrolled Controlled Uncontrolled

Threshold 3.3 2.2 6.6 3.6
Sensitivity (%) 86.6 66.3 70.7 70.7
Specificity (%) 86.4 87.9 59.8 63.2

Bulk
Threshold 7.2 4.0 6.3 3.5

Sensitivity (%) 51.3 60.3 71.9 66.8
Specificity (%) 60.5 67.1 74.1 39.4
All exposures

Threshold 3.0 1.8 6.7 2.9
Sensitivity (%) 76.2 72.8 70.3 74.5
Specificity (%) 71.8 79.7 64 54.9
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Means and standard errors of the decibel-scaled IBS in ablated and unablated rabbit liver

and VX2 tumor are shown in Fig. 4.21(a)–(c) and Fig. 4.22(a)–(c) respectively. Statistical

analyses of differences in mean decibel-scaled cumulative IBS in treated vs. non-treated,

as well as in ablated vs. non-ablated rabbit liver and VX2 tumor for both controlled and

uncontrolled groups are shown in Table 4.13. For HIFU exposures, both controlled and

uncontrolled trials had significantly greater mean dB-scaled IBS in ablated than non-ablated

rabbit liver. For bulk US exposures, controlled trials had significantly greater mean dB-scaled

IBS in ablated than non-ablated VX2 tumor. For all exposures combined, both controlled

and uncontrolled trials had significantly greater mean dB-scaled IBS in ablated than non-

ablated rabbit liver and VX2 tumor.

Statistics of average cumulative IBS (dB) comparisons between controlled vs. uncon-

trolled groups in treated and ablated regions of rabbit liver or VX2 tumor, and also between

VX2 tumor vs. rabbit liver in treated and ablated regions for the controlled and uncontrolled

groups are shown in Table 4.14. There were no significant differences between mean cumu-

lative IBS for controlled vs. uncontrolled trials in treated or ablated tissue. In most cases,

there were no significant differences between mean cumulative IBS in VX2 tumor vs. liver for

the controlled and uncontrolled groups in treated or ablated tissue, except that for controlled

HIFU trials, ablated liver had significantly larger mean cumulative IBS than ablated VX2

tumor.

Optimal echo decorrelation and IBS thresholds for local ablation prediction in rabbit

liver and VX2 tumor, computed from the ROC curves for all exposures combined for both

controlled and uncontrolled trials (N = 43), were −2.9 (log10-scaled decorrelation per ms) for

echo decorrelation and 2.3 dB for IBS. For echo decorrelation imaging, RMSE and NRMSE

between measured ablated areas and areas predicted using these thresholds were 0.50 cm2

(65.3%) for all controlled trials combined and 0.54 cm2 (41.1%) for all uncontrolled trials
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Figure 4.21: Means and standard errors of the decibel-scaled integrated backscatter in ab-
lated and non-ablated rabbit liver for controlled vs. uncontrolled (a) HIFU, (b) bulk US, and
(c) all exposures combined. (∗ p < 0.05, ∗∗ p < 10−2, and ∗∗∗ p < 10−3)
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Figure 4.22: Means and standard errors of the decibel-scaled integrated backscatter in ab-
lated and non-ablated VX2 tumor for controlled vs. uncontrolled (a) HIFU, (b) bulk US,
and (c) all exposures combined. (∗ p < 0.05, ∗∗ p < 10−2, and ∗∗∗ p < 10−3)
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combined. For IBS imaging, RMSE and NRMSE were 0.485 cm2 (63.3%) for all controlled

trials combined and 0.538 cm2 (40.8%) for all uncontrolled trials combined.

Similarly, based on the ROC curve for all exposures combined for both controlled and

uncontrolled trials, optimal echo decorrelation and IBS thresholds for local treatment pre-

diction in rabbit liver and VX2 tumor were −2.9 (log10-scaled decorrelation per ms) for

echo decorrelation and 1.8 dB for IBS. For echo decorrelation imaging, RMSE and NRMSE

between measured treated areas and areas predicted using these thresholds were 0.53 cm2

(47.7%) for all controlled trials combined and 0.70 cm2 (45.9%) for all uncontrolled trials

combined. For IBS imaging, RMSE and NRMSE were 0.42 cm2 (38.1%) for all controlled

trials combined and 0.71 cm2 (46.7%) for all uncontrolled trials combined.

Table 4.11: Results of two-tailed z test comparisons between AUC values for
echo decorrelation and IBS ablation prediction of treated and ablated regions
in liver and VX2 tumor for controlled trials (z-statistic (p value)).

Echo decorrelation vs. IBS imaging
Tissue Liver VX2 tumor

Exposure Treated Ablated Treated Ablated
HIFU −0.94 (0.346) −0.21 (0.834) −0.22 (0.824) −0.579 (0.563)
Bulk 0.65 (0.515) 0.023 (0.982) −0.09 (0.932) −0.57 (0.566)
All −1.20 (0.230) −1.04 (0.30) −2.16 (0.031) −1.81 (0.071)

Table 4.12: Results of two-tailed z test comparisons between AUC val-
ues for echo decorrelation and IBS ablation prediction of treated and
ablated regions in liver and VX2 tumor for uncontrolled trials (z-statistic
(p value)).

Echo decorrelation vs. IBS imaging
Tissue Liver VX2 tumor

Exposure Treated Ablated Treated Ablated
HIFU 2.28 (0.022) 2.08 (0.037) −0.22 (0.820) 0.23 (0.829)
Bulk 0.50 (0.620) −0.02 (0.982) 0.53 (0.599) 1.18 (0.237)
All 1.64 (0.101) 1.59 (0.112) −0.74 (0.453) 0.39 (0.693)

123



Table 4.13: Results of paired, one-tailed t-tests comparing mean dB-scaled IBS in treated and
non-treated, ablated and non-ablated regions in liver and VX2 tumor (t-statistic (p value,N )).

Treated vs. non-treated Ablated vs. non-ablated
HIFU Liver VX2 Liver VX2

Controlled 7.0 (5.9 · 10−5, 9) 4.4 (3.4 · 10−3, 6) 20.3 (2.6 · 10−6, 6) 1.1 (0.163, 5)
Uncontrolled 3.5 (5.9 · 10−5, 8) 1.9 (0.057, 6) 3.5 (4.7 · 10−3, 8) 1.2 (0.149, 4)

Bulk
Controlled 1.5 (0.095, 7) 5.3 (0.059, 2) 1.2 (0.136, 8) 2.9 (0.011, 8)

Uncontrolled 1.4 (0.096, 9) 1.0 (0.251, 2) 0.4 (0.353, 10) 2.3 (0.075, 3)
All exposures

Controlled 4.7 (1.4 · 10−4, 16) 5.5 (4.7 · 10−4, 8) 5.1 (4.3 · 10−5, 14) 2.8 (0.008, 13)
Uncontrolled 3.3 (2.2 · 10−3, 17) 2.3 (0.03, 8) 2.5 (0.012, 18) 2.2 (0.036, 7)

Table 4.14: Results of unpaired, two-tailed t-tests comparing mean cumulative
dB-scaled IBS for controlled vs. uncontrolled groups and VX2 tumor vs. liver in
treated and ablated regions (t-statistic (p value)).

Controlled vs. uncontrolled VX2 tumor vs. liver
HIFU Liver VX2 Controlled Uncontrolled

Treated 0.31 (0.761) 0.79 (0.449) 1.09 (0.297) 0.05 (0.963)
Ablated 0.80 (0.440) 0.54 (0.606) −0.79 (0.448) −0.19 (0.848)

Bulk
Treated −0.02 (0.988) 0.52 (0.615) −0.53 (0.607) −1.15 (0.267)
Ablated 0.35 (0.733) −0.57 (0.623) −0.25 (0.810) −0.97 (0.347)

All exposures
Treated 0.23 (0.817) 0.93 (0.360) 0.12 (0.915) −0.64 (0.530)
Ablated 0.50 (0.617) 0.14 (0.449) −0.66 (0.517) −0.83 (0.420)

4.4 Discussion

In this chapter, the feasibility of controlling HIFU and bulk US thermal ablation using

echo decorrelation imaging feedback was demonstrated in in vivo rabbit liver and VX2 tumor.

The proposed real-time control algorithm was able to cease all successfully controlled HIFU
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and bulk US treatments (i.e., all exposures except two bulk US treatments ending early due

to software errors) when ∆avg exceeded the predefined ∆th (log10-scaled decorrelation per ms:

−2.3). Tissue treatment was confirmed by TTC vital staining for all successfully controlled

HIFU and bulk US trials. For both HIFU and bulk US ablation, controlled trials showed

smaller lesion width and area, higher ablation rate, and significantly lower treatment time

than uncontrolled trials, with equivalent prediction capability. Possible improvements to

echo decorrelation imaging feedback for controlling future preclinical or clinical experiments

are discussed below.

Average-decorrelation control criteria (control threshold and ROI shape/size) were ef-

fective for controlling the HIFU and bulk US treatments reported here. However, further

investigation is required for better control performance in future in vivo studies. The control

threshold (log10-scaled decorrelation per ms: −2.3) used here was selected from a similar in

vivo study reported by Fosnight et al. [33], which computed echo decorrelation maps by

ensemble averaging more RF frames (114 frames) than used here (20 frames). This differ-

ence in number of frames affected the computed cumulative echo decorrelation values and

corresponding ablation prediction sensitivities and specificities. Retrospective analysis of

uncontrolled trials indicated that for 20 frames, echo decorrelation thresholds corresponding

to 90% specificity for local ablation prediction in liver and VX2 tumor for all exposures com-

bined would be −2.3 and −1.6 (log10-scaled decorrelation per ms) respectively. In that case,

an appropriate control threshold would be −1.6 (log10-scaled decorrelation per ms) instead

of −2.3 (log10-scaled decorrelation per ms) as used here for controlled HIFU and bulk US

experiments. Such an increase in the control threshold value is expected to improve local

ablation prediction of bulk US thermal lesioning in both liver and tumor tissue, because for

US ablation of rabbit liver and VX2 tumor, this larger threshold should confirm ablation of

both tissue types. For controlled HIFU trials, using a larger control threshold would likely
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improve the relatively poor prediction capability of echo decorrelation for tumor thermal

ablation observed here (AUC = 0.668, p = 0.139).

Regarding the control ROI shape and size, for controlled HIFU experiments the use

of a small control ROI (1 × 1 mm2) at the focal zone helped in mitigating the effect of

substantial echo decorrelation artifacts, observed outside the focal zone for some HIFU trials

(Figs. 4.4(D), 4.5(E, G, H), and 4.6(J)), on the control algorithm. For controlled bulk US

experiments, the use of a control ROI (18 mm × 6 mm) that approximately matched the

shape and size of bulk thermal lesions in rabbit liver helped in confirming the expansion of

thermal lesioning beyond that ROI boundaries in 87.5% of the successfully controlled trials.

These results are consistent with previous ex vivo controlled bulk US ablation experiments

employing similar stopping criteria in bovine liver (Section 3.3.2) [119].

In the experiments reported here, the motion and noise compensation method previously

derived by Hooi et al. [70] was implemented in real-time to work simultaneously with echo

decorrelation imaging. The correction method improved the capability of echo decorrelation

imaging for local ablation prediction in rabbit liver and VX2 tumor as reported by Fosnight et

al. [33]. However, the compensation method did not significantly affect the control algorithm

performance. That is, without applying the compensation method, treatments would have

stopped at the same therapy cycle. This may have occurred because the control ROIs for

HIFU and bulk US experiments were accurately located at the region where large echo

decorrelation occurred due to thermal ablation. Another possibility is that the correction

method could not compensate additional artifactual echo decorrelation occurring during

therapy cycles (e.g., that due to acoustic radiation force), in which case ∆avg values would

be nearly the same for corrected vs. uncorrected cumulative echo decorrelation maps. Fig.

4.5(G) shows an example of substantial echo decorrelation artifacts, possibly due to the effect

of acoustic radiation force on trapped fluid inside the necrotic core of a large VX2 tumor.

The compensation method could be modified to account for the effect of acoustic radiation

126



force by including image data from the first one or two therapy cycles within the cumulative

sham echo decorrelation map.

Controlled HIFU trials (N = 6) treating liver only had significantly smaller lesion width

(p < 0.01), depth (p = 0.010), and area (p = 0.022) than corresponding uncontrolled HIFU

trials (N = 7). These results are consistent with previous controlled HIFU experiments

that employed similar control criteria in ex vivo bovine liver (Chapter 2) [118], possibly

because the selected control threshold was equivalent to that used in the ex vivo study (i.e.,

corresponding to 90% specificity for local ablation prediction in preliminary experiments).

However, controlled HIFU trials (N = 3) treating tumor only had larger but statistically

equivalent lesion width (p = 0.850), depth (p = 0.141), and area (p = 0.513) compared

to corresponding uncontrolled HIFU trials (N = 5), contrary to the trend for HIFU trials

treating liver only. Further investigation with a larger number of trials would be required to

confirm and analyze this possible trend.

Thermal lesion dimensions for controlled HIFU trials treating liver only were slightly

smaller but statistically equivalent compared to controlled trials treating tumor only. How-

ever, thermal lesion dimensions for uncontrolled HIFU trials treating liver only were sig-

nificantly larger than uncontrolled trials treating tumor only. These results suggest that

controlling HIFU thermal ablation in liver and tumor using the same control threshold could

provide equivalent ablation outcomes in both tissue types. However, more trials would be

required to confirm this trend statistically.

Controlled bulk US trials had slightly smaller and more consistent treated area (2.04±0.24

vs. 2.54 ± 0.26) than uncontrolled bulk US trials. This may have occurred because the

control algorithm stopped bulk sonications before or immediately after tissue vaporization

temperatures (> 100 ◦C), preventing excessive treatment of the tissue.

Echo decorrelation prediction of treatment and ablation in liver and VX2 tumor for con-

trolled HIFU and bulk US trials was significantly better than chance, except for prediction
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of tumor ablation in controlled HIFU trials and prediction of tumor treatment in controlled

bulk US trials. Echo decorrelation prediction of tumor treatment in controlled HIFU tri-

als and tumor ablation in bulk US trials was statistically equivalent to the corresponding

uncontrolled trials (Figs. 4.13–4.15). Echo decorrelation predicted treated liver significantly

better than treated VX2 tumor for HIFU and bulk exposures combined (p < 0.01), consis-

tent with the choice of the control threshold as discussed above. However, echo decorrelation

predicted ablated tumor significantly better than ablated liver for controlled bulk US trials

(p = 0.037). This opposite trend may be associated with the low prevalence of unablated

tumor points in the segmented histology maps for bulk US trials.

Integrated backscatter prediction of treatment and ablation in liver and VX2 tumor for

controlled HIFU and bulk US trials showed similar trends compared to echo decorrelation

imaging with higher AUC values in some cases, but with no significant differences (Ta-

ble 4.11). Similar behavior was observed in previous ex vivo controlled HIFU experiments

(Chapter 2). However, in previous uncontrolled RFA [89, 92] and US [88] thermal ablation

studies, echo decorrelation predicted local thermal ablation better than IBS, consistent with

prediction results from controlled and uncontrolled bulk US experiments in ex vivo bovine

liver previously reported in Chapter 3. Possible reasons for this discrepancy are that for

controlled trials, treatments stopped when high decorrelation due to thermal coagulation oc-

curred, usually accompanied by hyperechoic activity (higher echo signal energy). However,

for uncontrolled trials, formation of microbubbles due to excessive tissue heating can cause

acoustic shadowing, which decreases echo signal energy in the shadowed region and thus can

lead to poor prediction by integrated backscatter [89].
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4.5 Conclusion

In this chapter, HIFU and bulk US thermal ablation were successfully controlled using

real-time echo decorrelation imaging feedback in in vivo rabbit liver and VX2 tumor tis-

sue. Echo decorrelation imaging feedback was corrected for motion and noise in real-time.

Controlled trials showed smaller lesion area, significantly less treatment time, and higher

ablation rate than uncontrolled trials, with equivalent prediction capability. Also, controlled

HIFU trials treating rabbit liver only showed significantly smaller lesion dimensions, higher

ablation rate, and less treatment time than corresponding uncontrolled HIFU trials. The

results reported here indicate that controlling US thermal ablation using echo decorrelation

imaging feedback may reduce treatment time and increase treatment reliability for in vivo

thermal ablation.
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Chapter 5

Conclusions and Future Work

5.1 Summary

The main purpose of this dissertation was to develop a real-time closed loop control ap-

proach to control high-intensity focused and unfocused ultrasound thermal ablation using

echo decorrelation imaging feedback ex vivo and in vivo. This control approach was hy-

pothesized to provide precise thermal lesions, mitigate tissue overtreatment, improve local

ablation prediction, and reduce the overall treatment duration. Summarized findings and

conclusions for each chapter are discussed below.

In Chapter 2, a real-time echo decorrelation imaging feedback control algorithm was de-

veloped to control high-intensity focused ultrasound (HIFU) in ex vivo bovine liver. This

control algorithm employed a small control region of interest (ROI) (1× 1 mm2) located at

the HIFU focal zone and a control threshold (∆th) corresponding to 90% specificity of local

ablation prediction in ex vivo bovine liver. Using this control algorithm, 100% of the con-

trolled treatments were successfully stopped when minimum cumulative ensemble-averaged

decorrelation ∆min inside the control ROI exceeded ∆th (log10-scaled echo decorrelation per

ms). Ablation outcomes and prediction capability for the controlled group were compared

to uncontrolled groups employing the two, five, and nine therapy cycles. Ablation prediction

using echo decorrelation in the controlled group was significantly better than in the 2-cycle
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group and statistically equivalent to the 5-cycle and 9-cycle uncontrolled groups. Lesion

width and area for controlled trials was significantly smaller than 5-cycle and 9-cycle uncon-

trolled trials but statistically equivalent to 2-cycle trials. The mean duration of controlled

exposures was 5.8 s, equal to the 2-cycle group but significantly smaller than the 5-cycle or

9-cycle groups. These results showed that echo decorrelation imaging is feasible to control

HIFU thermal ablation in ex vivo bovine liver.

In Chapter 3, the feedback control algorithm implemented in Chapter 2 was extended

to control unfocused (bulk) ultrasound (US) thermal ablation in ex vivo bovine liver. An

optimization method was proposed to determine ablation control thresholds and ROI di-

mensions for two series of controlled experiments using different echo decorrelation imaging

feedback parameters (minimum-decorrelation vs. average-decorrelation criterion) and differ-

ent sonication sequences (constant-intensity vs. variable-intensity sonication sequence). Us-

ing preliminary experiments, control ROIs and thresholds for the minimum-decorrelation

(16 mm × 12 mm, ∆th = −3.20 log10-decorrelation per ms) and average-decorrelation

(12 mm× 9 mm, ∆th = −1.576) criteria were optimized. Controlled trials for the minimum-

decorrelation and average-decorrelation criteria were compared with uncontrolled trials em-

ploying 9 or 18 cycles of matching sonication sequences. Successfully controlled trials using

both criteria required significantly less treatment time than corresponding 18-cycle treat-

ments, with better ablation prediction performance and higher ablation rate than corre-

sponding 9-cycle or 18-cycle uncontrolled approaches. A post hoc analysis studied the effect

of exchanging control criteria between the two series of controlled experiments. For either

group, the average time needed to exceed the alternative decorrelation threshold approxi-

mately matched the average duration of successfully controlled experimental trials. These

results indicate that either approach, using minimum-decorrelation or average-decorrelation
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criteria, is feasible for control of bulk US ablation. In addition, use of a variable-intensity son-

ication sequence for bulk US thermal ablation can result in larger ablated regions compared

to constant-intensity sonication sequences.

Based upon the success of controlling ex vivo HIFU and bulk US treatments in Chapters

2 and 3, in Chapter 4 the control algorithm was modified and applied to control in vivo

ablation of rabbit liver and VX2 tumor. Echo decorrelation imaging feedback was corrected

for motion and noise in real-time using the compensation method previously derived by Hooi

et al. [70]. Based on results of a similar in vivo study [33], the control threshold was chosen

as −2.3 (log10-scaled echo decorrelation per ms), corresponding to 90% specificity of local

ablation prediction for in vivo VX2 tumor. The control ROI dimensions were modified based

on in vivo lesion shapes to be 18 mm× 6 mm. Ablation outcomes and prediction capability

of echo decorrelation imaging for controlled trials were compared with a similar series of

uncontrolled in vivo experiments employing HIFU and bulk US ablation in rabbit liver and

VX2 tumor [33]. Controlled trials showed smaller lesion area, significantly less treatment

time, and higher ablation rate than uncontrolled trials, with equivalent prediction capability.

Also, controlled HIFU trials treating rabbit liver only showed significantly smaller lesion

dimensions, higher ablation rate, and less treatment time than corresponding uncontrolled

HIFU trials. The results reported indicate that controlling US thermal ablation using echo

decorrelation imaging feedback may reduce treatment time and increase treatment reliability

for in vivo thermal ablation.

Echo decorrelation imaging showed better prediction and control performances for ex vivo

US thermal ablation (Chapter 2 and 3) compared to in vivo US thermal ablation (Chapter

4). Reasons for this inconsistency may include differences in acoustical and anatomical

properties between ex vivo (bovine liver) and in vivo (rabbit liver with VX2 tumor) tissue.

Differences between in vivo and ex vivo ablation also include heat-sink effects due to blood

perfusion and tissue motion. Errors in assessing prediction likely also occurred due to issues
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with post-treatment tissue handling, including sectioning, staining, and scanning. For ex vivo

tissue, using a cubic cuvette ensured approximately parallel and flat tissue surfaces, resulting

in better transducer alignment and better image registration between echo decorrelation

maps and treated regions compared to in vivo tissue. For in vivo tissue, uneven surfaces,

particularly for regions with tumors, led to inaccurate transducer alignment, difficulties in

determining the imaging/treatment plane, and consequently inaccurate tissue sectioning.

Also, in trials with VX2 tumor, pre-existing necrosis and inhomogeneous vital stain uptake

led to uncertainty in differentiating ablated, treated, and untreated regions.

In this dissertation, the central hypothesis, that using echo decorrelation imaging feed-

back for controlling US thermal ablation provides precise thermal lesioning with smaller

treatment time and better cell death prediction than uncontrolled US ablation, was con-

firmed for controlling HIFU and bulk US thermal ablation in ex vivo (Chapter 2 and 3) and

in vivo (Chapter 4) experiments. In general, controlled trials showed smaller lesion dimen-

sions, smaller treatment time, and higher ablation rate compared to uncontrolled trials with

longer duration, designed to ensure complete ablation (e.g., 5-cycle and 9-cycle focused trials

in Chapter 2, 18-cycle bulk US trials in Chapter 3, and all uncontrolled trials in Chapter 4).

However, controlled trials generally showed equivalent lesion dimensions and treatment time,

but higher ablation rate compared to uncontrolled trials with shorter duration (e.g., 2-cycle

focused trials in Chapter 2 and 9-cycle bulk US trials in Chapter 3). Better echo decorrela-

tion prediction capability was observed for controlled trials compared to uncontrolled trials

with shorter duration, but equivalent prediction performance was observed when compared

to uncontrolled trials with longer exposures. For most cases, integrated backscatter imag-

ing showed similar behavior to echo decorrelation imaging for local ablation prediction for

controlled trials.

Controlled ex vivo and in vivo trials generally showed equivalent precision, assessed by

comparing variances of lesion dimensions, compared to uncontrolled trials with shorter or
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longer duration. This result does not support the hypothesis that controlling US thermal ab-

lation provides more precise thermal lesioning than uncontrolled ablation. Since lesion shape

and size highly depend on the amount of deposited heat and treatment time [131], a sub-

stantial change in the progress of lesion formation can occur at temperatures > 100 ◦C [132],

due to tissue vaporization. The control algorithm proposed here exploited heat-induced echo

decorrelation feedback to stop treatments, likely at temperatures higher than 80◦C. How-

ever, abrupt jumps in echo decorrelation values between successive therapy cycles may lead

to treatment cessation after exceeding the boiling temperature in some cases. For the bulk

US ablation approach employed in Chapter 3, treatments may continue as long as 6 s after

vaporization. Precision could be improved by tracking echo decorrelation activity between

shorter, consecutive therapy pulses. Using this approach, cumulative decorrelation inside

the control ROI could potentially cease treatments before extensive tissue boiling.

5.2 Future Directions

Clinical translation of the proposed real-time feedback control algorithm is feasible for

controlling HIFU and bulk US thermal ablation, given necessary additional investigations.

Optimal echo decorrelation thresholds for control should be determined for different tumor

types (e.g., hepatocellular carcinoma (HCC) and colorectal metastases (CLM)) and liver

parenchyma states (e.g., cirrhotic or fatty liver), each of which has different acoustic and

thermal properties. Uncontrolled preliminary clinical experiments are needed to determine

these optimal thresholds before testing of echo decorrelation-controlled ablation in patients.

These experiments could determine control thresholds similarly to the procedure employed

in Chapter 2, with ROC curves computed by point-by-point comparison of cumulative echo

decorrelation maps with ablation results from radiologic imaging or histology. Echo decor-

relation thresholds could then be chosen to achieve the required specificity and sensitivity of

ablation prediction in each tissue type.
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HIFU ablation control using echo decorrelation imaging as demonstrated in Chapter 2,

could be incorporated into commercial extracorporeal US guided HIFU systems used for

treating unresectable liver tumors (e.g., Model JC, Chongqing HAIFU Tech Ltd, China). In

the Model-JC HAIFU system [133], sections of the targeted treatment volume are ablated

sequentially with monitoring by 2D B-mode imaging. Using a single-exposure mode [134],

repeated HIFU sonications > 1 s duration at each position are employed. After ablation,

treatment end points are assessed visually by comparing pretreatment and post-treatment

B-mode US images of the treated area. Using the same workflow, 2D echo decorrelation

maps could be computed using the RF echo signals acquired after HIFU sonication in each

slice. To implement ablation control, treatments would stop once the echo decorrelation

exceeded an ablation threshold within an ROI for the current focal position. The system

would then proceed to the next focal position and repeat this procedure to ablate the entire

targeted volume. This control approach could improve ablation accuracy while reducing

treatment times, since only the necessary number of HIFU sonication cycles would be fired

at each position.

The control methods investigated in Chapter 3 were optimized for bulk ultrasound ab-

lation, but could also be optimized for controlling clinical thermal ablation techniques (e.g.

radiofrequency ablation (RFA) and microwave ablation (MWA)) with minor changes. Since

bulk thermal ablation using RFA or MWA is inherently a 3D problem, 3D imaging and

controlling methods are needed for better ablation assessment and control [73, 135]. The

feasibility of 3D echo decorrelation imaging has been shown previously [70]. For ablation

control using 3D echo decorrelation imaging, the target volume could be subdivided into

multiple control ROIs, accounting for likely spatial variations in ablation rates caused by

differences in local anatomy (e.g., local tissue type, large blood vessels, and tissue bound-

aries). Treatments would then continue until the average or minimum echo decorrelation
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within all control ROIs exceeds a prespecified control threshold. The optimum size, geome-

try, and number of ROIs as well as optimal control thresholds could be selected similarly to

the approach employed in Chapter 3 for unfocused ultrasound ablation, based on 3D echo

decorrelation volumes acquired and archived during clinical RFA and MWA procedures.

The same process could then be repeated for different thermal ablation techniques and tu-

mor types. Treatment near vulnerable structures could potentially be performed safely by

confining vulnerable areas to a safety ROI, ceasing treatment after a lower decorrelation

threshold has been met within that ROI [118].

Future survival studies in animals with implanted tumors [136] could be done to assess

long-term ablation outcomes for controlled US experiments using echo decorrelation imaging

feedback. Materials and methods used in Chapter 4 could be employed in these studies with

some changes. VX2 tumor would be implanted in a series of rabbits and after two weeks, 50%

of the rabbits would be thermally treated in a sterile open surgery or noninvasive procedure.

The untreated animals would be considered a control group. Follow-up for all animals would

be performed using computed tomography or US monitoring for 2 months or until animal

death. Survival analysis for the control and treatment groups would be done using the

Kaplan-Meier method [137]. This study would provide new information on the effectiveness

of controlled US ablation using echo decorrelation imaging feedback in improving long-term

survival for rabbits with VX2 tumor.

Further preliminary studies are required to facilitate future clinical translation of echo

decorrelation imaging to monitor and control thermal ablation of liver tumors. Possible

studies are outlined as follows: (1) echo decorrelation imaging for thermal ablation in ex

vivo human liver, to test the feasibility of echo decorrelation for local ablation prediction

and to compute receiver operating characteristic curves to determine control thresholds for

different tissue types as described in Section 2.2.3, (2) treat-and-resect experiments on pa-

tients undergoing resectable liver tumor surgery, to test the feasibility of echo decorrelation
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imaging for local ablation prediction in in vivo human liver and also to determine control

thresholds as for the ex vivo experiments, (3) post-treatment disease-free survival rate stud-

ies [138]. In these experiments, tumor would be ablated with control by echo decorrelation

imaging feedback and after ablation at intervals of 1–3 months, ablation success would be

evaluated by computed tomography or magnetic resonance imaging and tumor biomarkers

(α-fetoprotein for HCC [11] and carcinoembryonic antigen for CLM [138]). Controlled trials

would be compared to uncontrolled trials with longer duration. The disease-free interval

would be defined as the interval between ablation and tumor recurrence. Overall survival

time would be defined as the interval between the ablation procedure and death. Treat-

ment time and overall survival time for the controlled and uncontrolled groups would be

statistically tested. Following this strategy should ultimately demonstrate the efficiency and

accuracy of thermal ablation control by echo decorrelation imaging for clinical applications.
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Appendix

Details of in vivo controlled ablation experiments

138



Table A.1: Identification numbers of the rabbits, treatment time sequences, therapy cycles, measured acoustic powers,
applied voltages, focal depths, and estimated spatial-peak temporal-peak acoustic intensities (I SPTP) for controlled in vivo
HIFU thermal ablation trials (gray-shaded rows represent trials excluded from the statistical analysis).

Trial # Rabbit ID On time Off time Cycles A.P. Voltage Fdepth Aperture Pgain I SPTP

# (s) (s) (W) (V) (mm) (W/cm2)

Date: 5/10/2017 Array: THX5A JV910 f c: 5.35 MHz
1A R334 / Right lobe 0.7 2.2 3 24-28 10.5-11.7 25 1-64 7.43 1025-1195.8

1 (left mark) R334 / Right lobe 6.0 2.2 10 35 13.8 ∞ 1-10 1.54 64.0
1 (right mark) R334 / Right lobe 6.0 2.2 10 35 13.8 ∞ 55-64 1.54 64.0

2B R334 / Middle lobe 0.7 2.2 4 24-28 10.5-11.7 25 1-64 7.43 1025-1195.8
Date: 6/14/2017 Array: THX5A JV910 f c: 5.35 MHz

3C R335 / Right lobe 0.7 2.2 5 24-28 10.7-11.9 25 1-64 7.43 1025-1195.8
3 (left mark) R335 / Right lobe 6.0 2.2 8 35 14 ∞ 1-10 1.54 64.0

3 (right mark) R335 / Right lobe 6.0 2.2 9 35 14 ∞ 55-64 1.54 64.0
4D R335 / Right lobe 0.7 2.2 6 24-28 10.7-11.9 25 1-64 7.43 1025-1195.8

4 (left mark) R335 / Right lobe 6.0 2.2 9 35 14 ∞ 1-10 1.54 64.0
4 (right mark) R335 / Right lobe 6.0 2.2 9 35 14 ∞ 55-64 1.54 64.0

Array: THX5A JV933 f c: 5.50 MHz
5E R336 / Left lobe 0.7 2.2 3 24-28 11.3-12.4 25 1-64 7.42 1022-1192.4

5 (left mark) R336 / Left lobe 6.0 2.2 9 35 14 ∞ 1-10 1.54 63.9
5 (right mark) R336 / Left lobe 6.0 2.2 9 35 14 ∞ 55-64 1.54 63.9

Date: 10/11/2017 Array: THX5A JV910 f c: 5.35 MHz
6F R340 / Left lobe 0.7 2.2 2 24-28 11.2-12.5 25 1-64 7.43 1025-1195.8

6 (left mark) R340 / Left lobe 6.0 2.2 5 35 13.9 ∞ 1-10 1.54 64.0
6 (right mark) R340 / Left lobe 6.0 2.2 9 35 13.9 ∞ 55-64 1.54 64.0

7 R340 / Right lobe 0.7 2.2 2 24-28 11.2-12.5 25 1-64 7.43 1025-1195.8
7 (left mark) R340 / Right lobe 6.0 2.2 5 35 13.9 ∞ 1-10 1.54 64.0

7 (right mark) R340 / Right lobe 6.0 2.2 2 35 13.9 ∞ 55-64 1.54 64.0
8G R341 / Middle lobe 0.7 2.2 13 24-28 11.2-12.5 25 1-64 7.43 1025-1195.8

8 (left mark) R341 / Middle lobe 6.0 2.2 9 35 13.9 ∞ 1-10 1.54 64.0
8 (right mark) R341 / Middle lobe 6.0 2.2 9 35 13.9 ∞ 55-64 1.54 64.0
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Table A.2: Identification numbers of rabbits, treatment time sequences, therapy cycles, measured acoustic powers, applied
voltages, focal depths, and estimated spatial-peak temporal-peak acoustic intensities (I SPTP) for controlled in vivo HIFU
thermal ablation trials (gray-shaded rows represent trials excluded from the statistical analysis). (Continued)

Trial # Rabbit ID On time Off time Cycles A.P. Voltage Fdepth Aperture Pgain I SPTP

# (s) (s) (W) (V) (mm) (W/cm2)

Date: 10/11/2017 Array: THX5A JV910 f c: 5.35 MHz
9H R341 / Right lobe 0.7 2.2 13 24-28 11.2-12.5 25 1-64 7.43 1025-1195.8

9 (left mark) R341 / Right lobe 6.0 2.2 9 35 13.9 ∞ 1-10 1.54 64.0
9 (right mark) R341 / Right lobe 6.0 2.2 9 35 13.9 ∞ 55-64 1.54 64.0

10I R341 / Right lobe 0.7 2.2 4 24-28 11.2-12.5 25 1-64 7.43 1025-1195.8
10 (left mark) R341 / Right lobe 6.0 2.2 5 35 13.9 ∞ 1-10 1.54 64.0

10 (right mark) R341 / Right lobe 6.0 2.2 9 35 13.9 ∞ 55-64 1.54 64.0
Date: 11/15/2017 Array: THX5A JV910 f c: 5.35 MHz

11J R342 / Right lobe 0.7 2.2 3 24-28 11.0-12.5 25 1-64 7.43 1025-1195.8
11 (left mark) R342 / Right lobe 6.0 2.2 9 35 13.9 ∞ 1-10 1.54 64.0

11 (right mark) R342 / Right lobe 6.0 2.2 3 35 13.9 ∞ 55-64 1.54 64.0
12 R343 / Middle lobe 0.7 2.2 1 24-28 11.0-12.5 25 1-64 7.43 1025-1195.8

12 (left mark) R343 / Middle lobe 6.0 2.2 9 35 13.9 ∞ 1-10 1.54 64.0
12 (right mark) R343 / Middle lobe 6.0 2.2 9 35 13.9 ∞ 55-64 1.54 64.0

13K R343 / Right lobe 0.7 2.2 2 24-28 11.0-12.5 25 1-64 7.43 1025-1195.8
13 (left mark) R343 / Right lobe 6.0 2.2 5 35 13.9 ∞ 1-10 1.54 64.0

13 (right mark) R343 / Right lobe 6.0 2.2 3 35 13.9 ∞ 55-64 1.54 64.0
14L R343 / Right lobe 0.7 2.2 1 24-28 11.0-12.5 25 1-64 7.43 1025-1195.8

14 (left mark) R343 / Right lobe 6.0 2.2 5 35 13.9 ∞ 1-10 1.54 64.0
14 (right mark) R343 / Right lobe 6.0 2.2 5 35 13.9 ∞ 55-64 1.54 64.0
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Table A.3: Identification numbers of rabbits, treatment time sequences, therapy cycles, measured acoustic powers, ap-
plied voltages, focal depths, and estimated spatial-peak temporal-peak acoustic intensities (I SPTP) for controlled in vivo
unfocused ultrasound thermal ablation trials (gray-shaded rows represent trials excluded from the statistical analysis).

Trial # Rabbit ID On time Off time Cycles A.P. Voltage Fdepth Aperture Pgain I SPTP

# (s) (s) (W) (V) (mm) (W/cm2)

Date: 5/10/2017 Array: THX5A JV910 f c: 5.35 MHz
1A R333 / Left lobe 6.0 2.2 11 30-35 12.3-13.9 ∞ 1-64 1.44 48.0-56.0

Date: 6/14/2017 Array: THX5A JV910 f c: 5.35 MHz
2B R335 / Middle lobe 6.0 2.2 7 30-35 12.5-13.9 ∞ 1-64 1.44 48.0-56.0
3C R335 / Left lobe 6.0 2.2 6 30-35 12.5-13.9 ∞ 1-64 1.44 48.0-56.0

Array: THX5A JV933 f c: 5.50 MHz
4D R336 / Middle lobe 6.0 2.2 4 30-35 13.1-14.0 ∞ 1-64 1.44 48.2-56.3
5E R336 / Right lobe 6.0 2.2 8 30-35 13.1-14.0 ∞ 1-64 1.44 48.2-56.3

Date: 10/11/2017 Array: THX5A JV910 f c: 5.35 MHz
6 R340 / Middle lobe 6.0 2.2 7 30-35 13.1-14.2 ∞ 1-64 1.44 48.0-56.0
7F R341 / Left lobe 6.0 2.2 5 30-35 13.1-14.2 ∞ 1-64 1.44 48.0-56.0

Date: 11/15/2017 Array: THX5A JV910 f c: 5.35 MHz
8 R342 / Middle lobe 6.0 2.2 4 30-35 13.1-14.7 ∞ 1-64 1.44 48.0-56.0

9G R342 / Left lobe 6.0 2.2 4 30-35 13.1-14.7 ∞ 1-64 1.44 48.0-56.0
10H R343 / Right lobe 6.0 2.2 6 30-35 13.1-14.7 ∞ 1-64 1.44 48.0-56.0
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Table A.4: Time stamps and effective tumor diameters for controlled in vivo HIFU thermal
ablation trials (gray-shaded rows represent trials excluded from the statistical analysis).

Trial # Iris B-scan before thx Iris B-scan after thx File name Tumor diameter

Date: 5/10/2017 Array: THX5A JV910 f c: 5.35 MHz (mm)
1 09:41:27 NA 05102017 094429 no tumor

1 (left mark) NA NA 05102017 094633 —
1 (right mark) NA NA 05102017 095014 —

2 10:00:51 10:02:15 05102017 100011 7.39
Date: 6/14/2017 Array: THX5A JV910 f c: 5.35 MHz

3 NA NA 06142017 082558 6.38
3 (left mark) NA NA 06142017 082703 —

3 (right mark) NA NA 06142017 082839 —
4 08:53:48 08:55:26 06142017 085318 no tumor

4 (left mark) NA NA 06142017 085429 —
4 (right mark) NA 08:58:51 06142017 085608 —

Array: THX5A JV933 f c: 5.50 MHz
5 09:43:03 NA 06142017 094316 no tumor

5 (left mark) NA NA 06142017 094410 —
5 (right mark) NA 09:48:30 06142017 094547 —

Date: 10/11/2017 Array: THX5A JV910 f c: 5.35 MHz
6 08:20:56 NA 10112017 082128 5.47

6 (left mark) NA NA 10112017 082231 —
6 (right mark) NA 08:26:39 10112017 082340 —

7 NA NA 10112017 083429 no tumor
7 (left mark) NA 08:35:09 10112017 083528 —

7 (right mark) NA 08:38:21 10112017 083630 —
8 09:17:43 NA 10112017 091745 11.58

8 (left mark) NA NA 10112017 091914 —
8 (right mark) NA 09:23:50 10112017 092054 —

9 09:30:03 NA 10112017 093011 12.72
9 (left mark) NA NA 10112017 093139 —

9 (right mark) NA 09:36:15 10112017 093317 —
10 09:52:33 NA 10112017 095246 no tumor

10 (left mark) NA NA 10112017 095342 —
10 (right mark) NA 09:57:36 10112017 095439 —

Date: 11/15/2017 Array: THX5A JV910 f c: 5.35 MHz
11 09:12:54 09:15:50 11152017 081323 8.13

11 (left mark) NA NA 11152017 081440 —
11 (right mark) NA 09:18:39 11152017 081626 —

12 10:18:12 NA 11152017 091839 5.43
12 (left mark) NA 10:21:01 11152017 091945 —

12 (right mark) NA 10:24:44 11152017 092134 —
13 10:33:03 NA 11152017 093436 no tumor

13 (left mark) NA 10:37:02 11152017 093543 —
13 (right mark) NA 10:38:58 11152017 093646 —

14 10:41:06 NA 11152017 094049 no tumor
14 (left mark) NA 10:43:10 11152017 094200 —

14 (right mark) NA 10:45:37 11152017 094307 —

142



Table A.5: Time stamps and effective tumor diameters for controlled in vivo unfocused ultra-
sound thermal ablation trials (gray-shaded rows represent trials excluded from the statistical
analysis).

Trial # Iris B-scan before thx Iris B-scan after thx File name Tumor diameter

Date: 5/10/2017 Array: THX5A JV910 f c: 5.35 MHz (mm)
1 08:43:53 08:56:34 05102017 085223 3.75

Date: 6/14/2017 Array: THX5A JV910 f c: 5.35 MHz
2 NA 08:39:06 06142017 083527 15.15
3 08:47:34 08:50:24 06142017 084658 10.31

Array: THX5A JV933 f c: 5.50 MHz
4 09:20:57 09:24:47 06142017 092132 15.81
5 09:29:49 09:33:10 06142017 092931 16.79

Date: 10/11/2017 Array: THX5A JV910 f c: 5.35 MHz
6 08:48:01 08:52:35 10112017 084804 6.59
7 09:42:00 09:48:17 10112017 094444 14.11

Date: 11/15/2017 Array: THX5A JV910 f c: 5.35 MHz
8 09:21:30 09:29:27 11152017 082157 3.11
9 09:39:22 09:42:34 11152017 083857 6.21
10 10:53:34 10:57:07 11152017 095314 8.53
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