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Abstract

Noninvasive Temperature Estimation Technique for HIFU Therapy Monitoring Using

Backscattered Ultrasound

Ajay Anand

Chair of the Supervisory Committee:
Professor Lawrence A. Crum

Department of Bioengineering

High Intensity Focused Ultrasound (HIFU) has potential applications in a variety of
medical fields that benefit from selective destruction of tissue volumes. Being a
noninvasive technique, HIFU provides the ability to ablate localized tissue volumes
without damaging intervening tissue, thus eliminating the need for incisions. However,
the lack of real-time feedback during the various stages of therapy has been a major
hindrance to its widespread clinical acceptance. The ability to accurately track and
monitor the therapy progress is therefore important for the success of HIFU treatment
protocols.

This work consists of three specific goals. First, an integrated software-based
experimental data acquisition system was built, using a commercially available
ultrasound scanner, to collect the raw ultrasound backscatter (RF) during HIFU therapy.
Second, signal processing approaches were developed to visualize the temporal evolution
of lesion formation by analysis of the RF data. Temperature change related information
throughout HIFU therapy delivery and post-treatment cool-down was obtained by
tracking echo shifts in the RF using cross-correlation techniques. Characteristic changes

in the spectral content of RF echoes, due to changes in the scattering properties of the



heated region, were observed well before the appearance of hyper-echogenic regions on
B-mode images in the focal zone. Third, a bioheat transfer equation model-based
non-invasive quantitative temperature estimation technique for HIFU therapy monitoring
was developed and validated in tissue mimicking phantoms and excised animal tissue. In
this approach, initial estimates of local thermal and acoustic parameters are first obtained
prior to therapy through "calibration" exposures performed in the treatment region.
Tissue heterogeneity over a larger targeted region of interest is modeled as a change in
the magnitude of the heating rate. During therapy, this magnitude is updated using an
optimization technique that minimizes the difference between the model predicted and
measured echo shift values. Ultrasound derived temperature estimates were validated
against independent thermocouple measurements, close to but not at the HIFU focus.
This model-based technique permits noninvasive temperature estimation over the entire
therapeutic range, and is thus a departure from previously reported ultrasound-based
temperature estimation techniques. These results demonstrate potential for applicability

of the techniques in image-guided HIFU therapy.
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1. INTRODUCTION

1.1. High Intensity Focused Ultrasound

High intensity ultrasound fields can be focused on deep seated regions within the
human body. If sufficient sound energy is concentrated within the focal volume, the
temperature in that region is raised to levels at which the constituent cells are killed.
Figure 1.1 shows a schematic diagram of the principle of this technique, which is
referred to as High Intensity Focused Ultrasound (HIFU) [1-3] or Focused Ultrasound
Surgery (FUS) [4-7]. The focusing of ultrasound can result in high acoustic intensities
(measured as power density in W/cm®) at the focus. An intensity gain of 100 to 1000
times can be achieved in the cross-sectional area of the beam at the focus, resulting in
intensities upward of 1000 W/cm?, 4-5 orders of magnitude greater than that of diagnostic
ultrasound systems. The technique has potential applications in any medical field that
may benefit from the selective destruction of tissue volumes. Recent clinical interest has
concentrated on treating soft-tissue cancers [8-10], debulking enlarged prostates (benign
prostatic hyperplasia) [10] and acoustic homeostasis [11-13]. HIFU provides the ability to
ablate localized tissue volumes without damaging intervening and surrounding tissue,
thus eliminating the need for incisions — a feature that distinguishes it from other widely
used ablative therapies such as Radio Frequency ablation [14-16].

HIFU has a different philosophy from conventional hyperthermia in which the
temperature is raised a few degrees above body temperature and maintained for a
relatively lengthy time, typically on the order of minutes [17-19]. In HIFU, the
temperature typically rises by more than 40-50°C in a few seconds with increases up to
70°C in one second having been reported [20]. Therapeutic temperatures exceeding 50°C
lead to irreversible cell destruction and above 80-90°C (“thermonecrosis™), cystic cavities
due to boiling or cavitation can be induced [21]. The rapid deposition of thermal energy
leads to a peak temperature rise that is independent of advective cooling by blood flow—
an important consideration for tissues in which the vascular pattern is not completely

known or predictable [1]. One consequence of the rapid heating to cytotoxic temperatures
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is that there is a very narrow boundary between live cells and dead cells at the edges of
the focal volume. The volume of dead cells is referred to as a lesion. This method of cell

killing is commonly called thermal ablation.

HIFU Lesion
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Figure 1.1 Principle of HIFU

At the high acoustic pressures employed in HIFU, the possibility of the presence of
cavitation effects in addition to the thermal mechanism is significant. Acoustic cavitation
is defined as the phenomenon in which the pressure wave, during its negative swing, can
draw gas out of solution, and the bubbles thus formed may be set into oscillation [22]. A
purely thermal technique of inducing the lesion during HIFU therapy has the advantage
that the shape and position of the lesion can be accurately predicted while cavitation

renders the tissue destruction less predictable [1, 23, 24].

1.2. Image Guided Therapy

As important as the therapy delivery components used in HIFU therapy is the adjunct
imaging component. Since HIFU is a noninvasive modality, providing an imaging
capability concurrent with treatment is a necessity in a clinical setting. Noninvasive
imaging methods are preferable since the ability to use invasive devices in deep seated
tissue regions (which are typically regions of interest for HIFU) is severely restricted.
The potential role of noninvasive imaging methods in facilitating HIFU can be described

as:



a) Planning, to identify and target the exact location of the abnormal tissue to be
treated,

b) Guidance, that includes imaging of the treatment site at pre-ablative intensities to
determine the location of the therapy beam and provide feedback on local beam
geometry,

¢) Monitoring, which includes the ability to provide feedback on treatment progress
and ensure optimal therapeutic dose control, and,

d) Post-therapy follow-up imaging to assess treatment efficacy

A number of imaging modalities have been proposed to achieve some or all of the
above objectives in a noninvasive manner. These include X-ray, Magnetic Resonance
Imaging (MRI) and a number of variants of ultrasound based methods [25, 26]. A brief
overview of the applicability of each of the methods for imaging HIFU therapy is given

below.

1.2.1. X-ray

X-ray imaging was the earliest imaging modality employed for guidance of HIFU
therapy. X-ray images were used both to map the area of treatment and to subsequently
monitor the HIFU lesion formation for treatment of Parkinson’s disease [3]. Currently,
several ultrasonic thrombolysis approaches that use catheter systems to deliver the
ultrasound energy are performed under fluoroscopy and X-ray guidance [27]. However,
X-ray is an ionizing imaging modality and can deliver high doses to both patient and

clinician in a real-time setting.

1.2.2, Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is a relatively new method of guidance for
HIFU therapy and offers several advantages. Unlike X-ray based methods, MRI produces
no ionizing radiation. MRI can provide information on functional and physiological
parameters of tissues, including diffusion, perfusion, flow, and temperature. This latter
capability is particularly useful in HIFU therapy because it can be used to detect tissue

damage induced by thermal ablation. Correct targeting is established using a verification
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test pulse of low-energy dose that does not cause permanent tissue damage [28]. Tissue
temperatures in the therapeutic ultrasound field are available within approximately 5 s
after treatment completion, with a resolution of approximately 1°C [29]. Follow-up
evaluation of HIFU-induced lesions can also be done by MRI. The high correlation of
lesion formation with temperature provides a means to measure the treatment volume and
quantify tissue damage.

However, high costs are associated with MRI; it also requires a special environment
that can hinder patient accessibility; and minimal use of metal parts in the HIFU
assembly is necessary to prevent distortion of the MRI images [3]. In addition, the
temporal resolution is limited in MRI due to the slow image acquisition frame rate [30-
32]. Hence, MRI is inherently not real-time, resulting in temporal misinterpretation of
temperature profiles and lengthened treatment times. These limitations are currently an

impediment in the widespread adoption of MRI guided HIFU therapy systems.

1.2.3. Ultrasound

Ultrasound based methods offer significant advantages in guiding acoustic therapy
compared to other options. These include:

1. Imaging can be done in real time,

2. Being a non-ionizing modality, the side effects can be kept to a minimum,

3. Itis relatively inexpensive,

4. By employing ultrasound imaging methods, the therapy and imaging
hardware can be easily integrated into the same assembly,

5. The effects of path distortion can be minimized because both the therapy
beam and imaging beam would be affected similarly and hence remain
registered with respect to each other.

Several methods of ultrasound based imaging techniques to monitor HIFU therapy
have been proposed and investigated. These methods can be broadly classified based on

the properties of tissue whose changes are tracked to provide the image guidance.



1.2.3.1. Monitoring changes in the elastic modulus

Necrosis of tissues and cells as a result of coagulation of proteins is seen to be the
main mechanism responsible for histological changes observed in regions treated with
HIFU [3, 33-36]. Protein denaturation due to ablation elevates the elastic modulus of
treated soft tissue [37-39]. HIFU lesions induced in liver are approximately six to twelve
times stiffer than normal tissue [40]. Several ultrasound-imaging techniques such as
Sonoelasticity, Elastography [41], Vibro-acoustography [42] and Acoustic Radiation
Force Imaging (ARFI) [44] recently developed to differentiate between normal soft
tissues and hard lesions have been proposed as a method of visualizing the region treated
by HIFU. Shi et.al. [40] describe a technique, based on sonoelasticity [134], where a low-
frequency vibration (< or = 5 Hz) was applied to porcine liver samples in which HIFU
lesions had been induced and the resulting velocity pattern within the sample was
measured using Doppler spectral analysis to map the treated region. The spatial extent of
treated regions using this technique compared favorably with independent geometric
measurements of the gross pathology. Righetti et. al. [37] showed a high correlation
(r=0.92) between the damaged areas in maps obtained by employing elastographic
processing methods and the corresponding areas as measured from the gross pathology
photographs. However, these noninvasive measurements were only made before and
some time after an HIFU lesion was created, permitting detection of permanent changes
in tissue properties. They do not address the problem of monitoring the formation of the
lesion during therapy. Ultrasound-stimulated acoustic emission (USAE), similar in
principle to vibro-acoustography is a relatively new method for the estimation of
mechanical properties using a localized, remote harmonic excitation [42]. It relies on the
principle that two focused beams overlapping at a remote region inside the tissue and
oscillating at slightly different frequencies can generate a mechanical force (or, radiation
force) that excites the tissue locally and causes it to vibrate at the difference frequency.
The feasibility of using a frequency shift of the resonant peaks of the USAE signal for
monitoring the tissue stiffness variation with temperature has been recently reported [43].

However, the authors report that the sensitivity of the resonance frequency shift to
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stiffness change is considerably reduced in certain temperature ranges encountered in
HIFU. Furthermore, to map a 2-D spatial region using this technique, the entire dual
transducer assembly is mechanically translated in a raster format and a measurement is
made at each motion step along the path. This significantly increases the treatment time
and limits the applicability of this technique in a real-time scheme which is desirable for
HIFU lesion monitoring. Acoustic radiation force impulse (ARFI) imaging is a radiation
force-based imaging method that provides information about the local mechanical
properties of tissue [44]. ARFI imaging uses short-duration acoustic radiation forces to
generate localized displacements in tissue, and these displacements are tracked using
ultrasonic correlation-based methods. The tissue response to these forces can be
monitored both spatially and temporally. Displacement magnitude is inversely
proportional to local tissue stiffness and is typically on the order of 10 um. A novel
method of detecting subdermal lesions through the use of ARFI was recently proposed
[45]. For the results reported in their paper, ARFI-induced displacements were about two
to three times greater in normal healthy tissue compared to within the necrosed tissue
region. The ability of ARFI imaging to clearly distinguish lesions from surrounding
healthy tissues arises from the large increase in elastic modulus in the lesion. However,
this ARFI-based approach was also focused on detecting permanent changes in tissue
mechanical properties before and after the therapy. They do not address the problem of
monitoring the formation of the lesion during therapy. Lizzi et. al. [46] also developed an
acoustic radiation force based monitoring technique and demonstrated that radiation force
induced displacements in normal untreated tissue were about 50% greater than that in the
treated region. They suggest that “push” pulses that deliver the radiation force and
associated imaging pulses used to track the displacements could be interspersed at regular
intervals during therapy exposures, and therapy could be continued until it results in a
predetermined alteration in the magnitude and spatial extent of tissue motion

characteristics indicative of the desired lesion.



1.2.3.2.  Monitoring changes in Sound speed, Attenuation and Backscatter

Changes in attenuation [47], backscatter coefficient [48] and speed of sound [49] in
biological tissue with temperature rise have been reported. In a recent study, comparison
of images of all of these properties with optical photographs for the same tissue sample
treated with HIFU provided a qualitative demonstration that attenuation coefficient was
the most useful and backscattering coefficient was the least useful acoustic parameter for
visualizing the lesions [50]. Quantitatively, the data demonstrated significant increases in
attenuation coefficient (approximately 300%) and sound speed in lesioned liver relative
to normal, whereas backscattering was shown not to change in a significant manner
except when undissolved gas is the mechanism for increased acoustic scattering.

In order to be able to detect changes in these acoustic tissue properties
noninvasively, several approaches have been proposed. The most obvious solution entails
the use of B-mode imaging, which is a commercially available ultrasound imaging
modality that can show changes in backscatter. This method is unfortunately not optimal
for visualizing thermal damage since the acoustic backscatter from ablated volumes
created primarily by a thermal mechanism does not change significantly [1]. However, if
gas bubbles have been produced either by acoustic cavitation or by the boiling of tissue
water, then they will be highly reflective and the region will be visible on B-mode
imaging. Vaezy et. al. [51] developed a real-time ultrasound B-mode based imaging
technique to visualize the treated region during HIFU based remote acoustic homeostasis
procedures. Their approach also relies on the ability to visualize a hyperechoic spot on
the B-mode image appearing possibly due to bubbles to target and monitor the progress
of therapy. It was shown that the time for the hyperecho to appear was inversely
proportional to the applied HIFU intensity. The changes on B-mode images, however, are
typically short lived, invariably appear sometime after therapy commences and are almost
always associated with the lesion having already been formed. It has also been shown
that there is no correlation between the degree of backscattering and degree of tissue

damage [52]. B-mode imaging by itself therefore does not effectively provide
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quantitative or parametric information that can be used to reliably track changes in the
different stages of therapy.

A noninvasive technique for making local measurements of attenuation variations by
tracking changes in the spectral content of the raw ultrasound backscatter (commonly
referred to as “Radio Frequency (RF)”) has been reported for imaging HIFU lesions [53].
It was shown that changes in the mean attenuation in the 4-7 MHz range varied
significantly (in the region of 86% of the initial level) in comparison to measurements
performed without forming lesions. However, the comparison was only made on data
acquired prior to and after treatment. Hence, only permanent changes in attenuation were
tracked using this technique. Bloch et. al. [49] developed a system to measure sound
speed and attenuation changes as a function of temperature. Experiments were performed
in freshly excised porcine liver samples. Their results demonstrate that the sound speed
increases monotonically as the tissue is heated to 50°C and then decreases with continued
heating. The results were consistent with previously reported results in the literature [54].
The maximum change in the sound speed was on the order of 1%. However, these
measurements were made in transmission mode and were invasive in nature. Attempts to
measure changes in speed of sound with temperature noninvasively have been made early
on [55]. To measure the speed of sound, it is necessary to measure both distance and time
of flight. Although this can be achieved relatively easily in transmission mode, it is
difficult to do reliably using reflection ultrasound commonly used in a clinical setting
[56].

All of the above methods seek to image changes in tissue properties affected by the
temperature rise induced by HIFU. In order to use the extensive literature relating
treatment outcomes to measured thermal dose (which have been reliably used to predict
the outcome of therapy) [57], extensive calibration would be required to relate the
properties discussed above to temperature so that the thermal dose can be computed

based on such measurements.



1.2.3.3. Monitoring change in Temperature

There exists considerable motivation for the development of techniques for directly
estimating the temperature through noninvasive methods for monitoring therapy progress.
As is well known, the toxic effect at high temperatures on cells depends both on the
temperature achieved and the time for which these temperatures are maintained [58]. It
has been shown for many tissue types that it is the temperature history that determines
therapy effectiveness and not the temperature value by itself [59]. This can be quantified
using the quantity known as the thermal dose which was first introduced in the
hyperthermia treatment literature. The thermal dose for cases where the temperature
varies during the treatment time can be mathematically computed using the formulation

proposed by Sapareto and Dewey [60], as,
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where, T is the temperature at time f, Af represents the time interval between
consecutive temperature measurements, 7Dy; is the thermal dose referenced to 43° C, x is
the spatial location in tissue where the thermal dose is computed, #, and ¢,,, represent the
start time and end time of treatment respectively. In words, the thermal dose can be stated
as follows: Given a temperature versus time profile at the treatment site that results in a
thermal dose TD,,s (referenced to temperature 77,7 and a certain therapeutic outcome, the
same outcome can be achieved by maintaining the tissue at the temperature 7 ..

Equation (1.1) has typically been used in hyperthermia treatments where the
treatment times are on the order of a few minutes and stays near 43° C. Some authors
have extended the use of this definition to HIFU treatments and have reported that TD,; =
240 minutes is a suitable threshold for tissue necrosis in HIFU therapy [59, 61]. It may be

noted, however, that TD4; = 240 minutes is equivalent to a time at 56° C of 1.7 s. It
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would seem more rational to use 56° C as the reference temperature for HIFU since
treatment times are typically on the order of a few seconds [58].

From equation (1.1), it can be seen that estimating the temporal and spatial profile of
temperature rise during treatment is essential for computing the thermal dose. This
motivates the development of noninvasive temperature estimation methods. Temperature
measurements obtained during therapy can then be used to dynamically update the
treatment parameters by employing a feedback mechanism to optimize the applied dose
[62]. With the recent advent of multi-element heating devices such as therapeutic phased
array based systems [63, 64], it is possible to dynamically change the therapeutic power
applied and spatial distribution of the intensity profile to ensure optimal thermal dose
delivery to the target tissue region. These phased array systems typically have a number
of transducer elements whose pulse amplitude and duration can be independently varied
to achieve the optimal dose distribution in tissue. Dose optimization methods have been
extensively investigated for applications in hyperthermia using temperature
measurements from a limited number of fixed invasive sensors [65]. This however
provides less information than is necessary to produce satisfactory temperature
distributions to assess thermal dosimetry properly. The performance of feedback based
therapy delivery systems would be greatly improved if temperature distributions over the
entire treatment volume were made available to the therapy controller [66]. These
optimization schemes can be extended to HIFU applications if parameters such as
temperature can be reliably tracked and used for feedback, possibly enabling real-time
control of the applied thermal dose.

Using equation (1.1) to compute thermal dose, MRI thermometry studies for HIFU
imaging have reported that the estimated size of the necrotic area, based on the thermal
dose calculated from MRI temperature maps, corresponded well with the actual lesion
size determined by histology and conventional MRI images obtained 5 days post-
treatment [57]. Clinical applications of MRI guided temperature imaging recently
reported include treatment of breast tumors [67], uterine fibroids tumors [68] and prostate

cancers [69].
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Ultrasound imaging being a convenient, cost-effective, real-time imaging modality is
an attractive option for the development of temperature monitoring and guidance systems
and has the potential to overcome many of the limitations encountered in MRI,
microwave radiometry and impedance tomography based methods [70]. A number of
approaches to estimate temperature from backscattered ultrasound have been reported in
the literature. Simon et. al. [70] reported a technique based on detection of shifts in echo
location of backscattered ultrasound from a region of tissue undergoing thermal therapy.
The echo shifts are due to the combination of the local temperature dependence of speed
of sound and thermal expansion in the heated region. The echo shifts are estimated from
the correlation of successive backscattered ultrasound frames, and the axial derivative of
the accumulated echo shifts was shown to be proportional to the temperature rise. The
estimated temperature maps were overlaid on the gray-scale ultrasound images to
illustrate the applicability of this technique for image guidance of focused ultrasound
thermal therapy. Another approach from the same research group [71] was based on the
discrete scattering model and the observation that most biological tissues are semi-regular
scattering lattices. The spectrum of the backscattered RF signal collected with a
diagnostic ultrasound transducer from a semi-regular tissue sample exhibits harmonically
related resonances at frequencies determined by the average spacing between scatterers
along a segment of the A-line. It was shown that these resonances change with changes in
the tissue temperature within the processing window. Changes in the resonances were
linearly proportional to temperature with the proportionality constant being determined
by changes in the speed of sound with temperature and the linear coefficient of thermal
expansion of the tissue. Miller et. al. [72] performed detailed simulation studies to verify
if the echo shifts in the RF signals caused by low temperature rises can be accurately
determined and whether such a technique can be used to locate the focal spot of the
therapy beam. Their experimental results [73] further confirmed that imaging the echo
shift information was a feasible method of visualizing the location of the HIFU focus.
These authors conclude that the techniques are most suitable for treatment planning and

assessment of the acoustic beam at the focal spot. Hyperthermia treatment, where the
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maximum temperature rise expected is less than 10°C above body temperature, or
assessment of the geometry of the therapeutic ultrasound beam in a HIFU application
where sub-ablative intensities are employed, are potential target clinical applications for
the methods proposed in this set of papers.

Another ultrasound based method for noninvasively estimating the temperature rise
was based on tracking the changes in backscattered energy [66]. These results were also
reported for the temperature range 37-50° C, which is below the temperature range
encountered during HIFU exposures at ablative intensities. The paper asserted that
changes in ultrasound backscatter energy can be correlated to temperature change. To
obtain quantitative temperature information from this technique, a set of calibration
experiments would have to be performed to obtain the relationship between temperature
and the backscatter energy and this process is complicated since significant variability
amongst tissue types exist.

Two recent papers [74, 75] have applied the approach proposed by Simon et. al. [70]
for monitoring temperatures in the therapeutic range during Radio Frequency Ablation
[76]. They however assumed that the local echo location shifts were linearly proportional
to temperature over the entire temperature range and computed the proportionality
constant in a set of independent calibration experiments. The temperatures measured on
thermocouples attached to the RF probe were in agreement with noninvasive ultrasound-
based temperature estimates. They hypothesized that for the particular geometry used in
the experiment and the boundary conditions, the effects of thermal expansion must have
reduced the impact of the non-monotonic nature of the sound speed versus temperature
curve and a monotonic linear relation was therefore adequate. However, this assumption
was not verified explicitly in the papers and may not be applicable in all experimental

scenarios.

1.3. Key limitations of current ultrasound-based temperature estimation
methods
All the temperature estimation techniques described in section 1.2.3.3 were used to

obtain temperature maps in phantoms and animal tissue, where the temperature rise was
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limited to a maximum of about 10-15° C above body temperature. In each of the
techniques, an invasive calibration experiment was first performed to determine the
relation between temperature and echo location shifts measured from the ultrasound
backscatter. The low sensitivity of the sound speed change to temperature beyond 50°C
(sound speed versus temperature relationship flattens out for most soft tissues near this
temperature) makes direct mapping of RF echo location shifts to temperature difficult and
is a fundamental limitation of these methods. Hence, these methods are not directly
applicable for temperature monitoring during ablative thermal therapy applications such
as HIFU.

1.4. Contributions of this dissertation

The goal of this research is to develop and implement a noninvasive quantitative
ultrasound-based temperature estimation technique, applicable over the entire
therapeutic temperature range, for monitoring HIFU therapy. The specific contributions

of this dissertation are:

a. Bioheat transfer model-based technique for temperature estimation

A model based approach for temperature estimation is employed that combines
spatio-temporal constraints imposed by the underlying physical model for heat
diffusion (Bioheat Transfer equation [77]) with the noninvasively acquired
ultrasound backscatter data. This approach addresses the problem arising from
the lack of sensitivity of echo shift data to temperature over regions of the
therapeutic temperature range that limits the direct extension of earlier
ultrasound-based temperature estimation methods for ablative therapy
applications.

b. Noninvasive estimation of mapping between ultrasound echo _shift and

temperature

The mapping relating the echo shift information to temperature is noninvasively
estimated during a set of pre-therapy “calibration” HIFU exposures performed
in the treatment region before therapy commences. This mapping can then be

used to interpret measured echo shifts and estimate temperature in and near the
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treated zone. This is a departure from previously reported temperature
estimation techniques developed primarily for therapy guidance, wherein a
priori knowledge of the mapping was assumed or invasively measured in an
independent experiment.

¢. Noninvasive estimation of local tissue thermal properties using acoustic

techniques

Acoustic techniques for noninvasive estimation of local tissue thermal
properties, namely, thermal diffusivity and heating rate have been developed in
this dissertation. Although developed and presented herein as an integral
component of the temperature estimation technique, these techniques can be
independently employed in therapy planning and dosimetry, which is an
important step required to accurately predict the applied thermal dose and plan
the therapy protocol.

d. Improved visualization of HIFU lesion formation

Novel signal processing-based techniques were developed as part of the
preliminary feasibility analysis to visualize the temporal evolution of the
ultrasound backscatter acquired during and after HIFU therapy delivery. The
results obtained demonstrate improved visualization of the treatment region
compared to standard fundamental B-mode images, which is a standard imaging
mode on all modern ultrasound scanners.

In addition, experimental data acquisition tools and numerical modeling capabilities
to implement and evaluate the performance of the techniques described above were
designed. Mostly notably, the ATL HDI 1000, a commercial ultrasound scanner, was
modified by adding system software that permitted customized acquisition modes and
access to the RF data (in demodulated and decimated form as I/Q). These details are

provided throughout the dissertation.

1.5. Organization of this dissertation
In Chapter 2, a detailed description of the experimental software-based data

acquisition system developed to acquire the raw ultrasound backscatter during HIFU
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therapy is presented. The operation of the system is discussed along with a description of
the custom developed operating modes and measured performance specifications. This
system is used in all the experiments described in the subsequent chapters. In Chapter 3, a
mathematical model describing the effect of temperature on ultrasound backscatter is
presented first. Two signal processing-based algorithms designed to extract information
from the ultrasound backscatter that are related to changes in tissue properties induced by
HIFU are described. Results obtained by applying these noninvasive techniques in in
vitro tissue mimicking phantoms and animal tissue experiments are presented.

The model-based noninvasive quantitative temperature estimation approach
developed for HIFU therapy monitoring is introduced in Chapter 4. A description of the
methodology is presented first. The calibration procedure designed to noninvasively
estimate the local thermal parameters, namely, thermal diffusivity and heating rate in situ
during HIFU exposures is then presented, followed by results from validation
experiments performed in tissue mimicking phantom experiments. In Chapter 5, the
model-based temperature estimation approach is described and the technique is validated
in tissue mimicking phantoms. Chapter 6 is devoted to validating the temperature
estimation algorithm developed in Chapters 4 and 5 in in vitro excised animal tissue

samples. Conclusions and suggestions for future work are provided in Chapter 7.
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2. SOFTWARE-BASED RF DATA ACQUISITION SYSTEM FOR
HIFU THERAPY MONITORING

2.1. Introduction

As described in Section 1.2.3, several ultrasound-based techniques to noninvasively
guide, monitor and assess the efficacy of HIFU therapy have been reported in the
literature [30, 40, 47, 49, 53, 70, 72, 78, 79]. All of these signal processing based imaging
methods greatly benefit from the ability to apply processing algorithms directly to the
beamformed but otherwise unprocessed ultrasound backscatter data (commonly referred
to as the “RF’) that contains the amplitude as well as phase information. Figure 2.1
shows a block diagram representation of the signal flow in the receiver section of an
ultrasound scanner for generation of B-mode image data. From the figure, it can be seen
that B-mode (envelope detected) images preserve only the amplitude but discard the
instantaneous phase of the signal. The loss of phase information adversely limits the
ability to accurately track small ultrasound echo shifts that are typically fractions of a
wavelength and commonly encountered in ultrasound temperature estimation
applications. For the application of differential processing techniques between a pair of
RF frames, it is desirable that the frames being compared are acquired with a minimal
possible inter-frame delay to minimize de-correlation artifacts, and greater flexibility and

control of data acquisition frame rate is desirable.

TGC: Time-Gain-Compensation B-mode
AJD : Analog-to-Digital Converter Envelope Image
TGC Demodulation Detecti
Transducerll} A/D 8 S ec‘;lon
Beamformer Decimation
Image
Processing
“raw” (RF data) IQ B-mode
Amplitude, Phase Amplitude, Phase Amplitude
Depth ——» : lDeﬁ)th : l—-ll—;

Figure 2.1 Block diagram representation of data flow in a commercial ultrasound scanner
In this chapter, an ultrasound RF data acquisition system developed in-house using a

software-modified ATL HDI 1000 commercial ultrasound scanner (Philips Medical
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Systems, Bothell, WA) for use in HIFU imaging applications is described. This system
allows demodulated RF data access at relatively high frame rates useful for tracking the
rapid yet subtle changes in tissue during HIFU treatment. A detailed description of the
system features is presented in Section 2.2. The specialized software developed to control
the system operation is described in Section 2.3. Custom modes of operation developed
in-house that provide the ability to trade-off acquisition frame rate and lateral image
widths are described in Section 2.4. The application of this data acquisition system for
HIFU therapy monitoring is presented in Section 2.5. This flexibility is demonstrated in
Section 2.6 through an application in the field of elastography [41]. All of the
experiments on HIFU therapy monitoring described in subsequent chapters were

performed using this system.

2.2. System Description

The ATL HDI 1000 diagnostic ultrasound scanner system [80] was introduced
commercially in 1997 as the first such system with a dominantly software-based
architecture; system development was halted in 1999, and production was discontinued
by early 2000. Figure 2.2 shows a block diagram representation of the receiver section of
the system architecture. The system beamformer consists of 64 transmit and 32 physical
receive channels which can be multiplexed to provide 64/64 transmit/receive synthetic
aperture acquisitions; the system can be used in synthetic aperture mode (64 channels) or
in physical aperture mode (32 channels only). An analog TGC is applied to each receive
channel. The A/D converter samples the input on each channel at 4 times the nominal
center frequency (f,). f, is typically set to be close to the center frequency of the received
echo signal, taking into account the effects of attenuation occurring along the imaging

beam path.
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Figure 2.2 Block diagram representation of ATL HDI 1000 ultrasound scanner system architecture
(receiver section) showing the internal data path in the default mode and in the custom-developed RF data
access mode. Analog Time Gain Control (TGC) is applied to each of the 32 input channels followed by
digitization at 4f, with 8-bit precision. The data is quadrature demodulated and decimated, and focusing
delays are applied to generate 32 channels each of I and Q data (each with 9-bit precision). Individual I and
Q data channels are then summed to obtain 16-bit beamformed quadrature demodulated data, and routed
either to HDI CPU RAM and HDI Hard disk, or to signal processing and display functions.

The digitized signal on each channel is then quadrature demodulated and decimated
with a simple averaging algorithm to obtain baseband in-phase (I) and quadrature (Q)
data. The I and Q data on the individual channels are delayed for dynamic focus and
summed to obtain baseband summed quadrature data, beamformed along a particular
scanline. In the default mode of operation, I and Q channels are processed by the signal
processing block to obtain B-mode, Color flow or Doppler data, depending on the
acquisition mode selected by the user. When RF data access is desired, the summed
quadrature baseband data follows the path indicated by the heavy dotted line in Figure
2.2. The data are temporarily stored in a pre-allocated memory block within volatile
RAM on the system computer (HDI 1000 CPU RAM in Figure 2.2). After the desired

number of frames have been acquired and stored, the frames are copied to the hard-disk
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as a binary file with additional fields containing information about the acquisition
parameters necessary to interpret the RF data during offline processing. Since most of
the system operation is controlled by software (dotted box in Figure 2.2), modifications
to meet data acquisition requirements for research purposes can be made relatively easily.
In our current setup, RF data access is supported for standard echo imaging (same
transmitter configuration as for B-mode) but modifications of the software to store RF
data for Doppler and M-mode can be achieved with modest additional effort.

The maximum size of the memory block reserved in the HDI 1000 CPU RAM for
storing the acquired frames temporarily is 75 MB. It is based on a circular addressing
scheme. Hence once the entire memory block is full after a series of sequential frame
writes, the address counter is reset causing the buffer to wrap around and frames acquired
thereon replace those stored earlier starting from the first in the current acquisition
sequence. For a given set of acquisition parameters, the total number of frames that can
be stored in the allocated memory block can be approximately calculated using the
following formula that takes into account the dependence of acquisition depth and
frequency on frame size,

M xk
Dx f
where M = Allocated memory block (Maximum 75 MB), D = Acquisition depth, f =

Total number of frames (Nyux) =

Center Frequency of transducer, k= scaling constant to be determined through a
calibration test.

For an acquisition depth of 4.5 cm with the ATL CL 10-5 (Philips Medical Systems,
Bothell, WA) linear scanhead, approximately 300 frames can be temporarily stored in
HDI 1000 CPU RAM.

2.3. External System Control

The HDI 1000 system is based on a computer running a UNIX-like operating system
(Amiga operating system). The software-dominant architecture on which the HDI 1000
is built allows for extensive external control of its operation, including front panel

controlled acquisition parameters (imaging depth, focus positions, number of foci, TGC,
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etc). In addition, the start of RF frame acquisition can be initiated from an external
source with latency and jitter times on the order of a few milliseconds. Thus, RF data
acquisition can be well synchronized with other instruments that are part of an
experimental setup. Control commands from another computer are issued via Telnet, and
acquired RF data can be transferred to that computer for off-line processing via FTP. A
software master control program using LabVIEWT™ (National Instruments, Austin,
Texas) was developed to control the HDI 1000 system as well as other devices and
instruments. Figure 2.3 shows the flow chart for the master control program which can be
configured to interleave HDI frame acquisitions with a variety of external events such as
robotic motion, therapeutic energy delivery, or other actuation and sensing functions.

The HDI 1000 system configuration is selected at power-up time, using the floppy
disk controller to modify the boot sequence. Normal imaging operation defined by the
manufacturer is the default startup mode (no floppy disk), but insertion of a “research
mode” floppy disk prior to startup forces a customized initialization using special scripts

residing on the floppy.
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Figure 2.3 Flowchart for software master control program developed using LabVIEW™ to control RF data
acquisition on HDI 1000. The bulleted list on the right summarizes the action of each block.

This flexibility allows the system to function both as a clinically approved ultrasound
imaging scanner and as a RF data acquisition system for research use. These scripts
allocate a buffer in the HDI 1000 RAM (see Figure 2.2) where acquired RF data frames
are first stored, initialize directory paths and other acquisition control scripts for the
research mode, and launch the Telnet communications program. The master control
program, running on an external Windows® PC that is connected to the HDI 1000 via
ethernet, then takes over imaging system operation. Specific acquisition settings for the
current experiment are sent to the HDI 1000. In the simplest data acquisition mode, the
control program periodically sends very brief commands to initiate each frame
acquisition, based on user-specified settings for total number of frames to be acquired (N)
and the desired frame rate. Each acquired frame is stored in contiguous blocks in the HDI
1000 RAM. Once the entire frame acquisition sequence is complete, in response to a final
control command the set of frames residing in RAM are transferred to the HDI

computer’s hard disk and stored as a binary data file. Then, the data file is transferred to



22

the PC via FTP over the ethernet connection. The master control sequence used to

simultaneously control the HIFU signal generation circuitry is described in Section 2.5.

2.4, Custom Acquisition Modes

The performance of algorithms used for motion and velocity estimation is greatly
improved by acquiring data at high frame rates. In addition, high frame rate data
acquisition allows speckle noise to be reduced by employing temporal averaging [81, 82]
without compromising on temporal resolution. Typically, there is a trade-off between the
number of scan lines per frame (the default is the maximum value of 128 scan lines
corresponding to a lateral width of 2.5 cm for the intra-operative compact linear probe
[CL10-5, Philips Medical Systems, Bothell, WA]) and the frame rate (the latter also
depends on the maximum depth of the image). Two data acquisition schemes for
increasing the frame rate using a reduced number of scan lines per frame have been
implemented in this work. In this paper, they are referred to as 1) reduced sector width
and 2) sparse scanline mode. Considerable improvements in frame rate are achieved in
both these modes by controlling the beamformer firing sequence to capture only the
desired number of lines and thus reducing the amount of data processing within the
system.

In reduced sector width mode, a contiguous subset of the 128 lines making up the
complete image is used to form a narrower 2-D image. Figure 2.2 shows B-mode images
of the carotid artery reconstructed from the RF signals collected for a full lateral width of
2.5 cm (default). The system was then switched to the reduced sector width mode with
lateral width set to 0.6 cm (32 scan lines) and another image was acquired with the
scanhead placed at close to the same location. Figure 2.4(b) shows the B-mode image
reconstructed from the RF signals for this acquisition. Both images were acquired using
the compact linear probe (CL10-5). For this probe, the nominal center frequency (fo) is
6.15 MHz and the sampling rate is 24.6 MHz (4f;). The plot in Figure 2.5 shows the
frame rates obtained in the default mode with full sector width (128 scan lines) and in the
reduced sector width mode [lateral width of 0.6 and 1.25 cm] for an acquisition depth of

2.2, 4.5 and 8.2 cm using the CL10-5 scanhead. Corresponding to the axial depths of 2.2
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cm, 4.5 cm and 8.2 cm, there are 176, 360 and 656 I/Q data points per scanline
respectively. The frame rate is essentially inversely proportional to the lateral image
width. This mode of operation is useful when data acquisition at high frame rates is
desired and the lateral field of view can be compromised.

In the sparse scanline mode, the total lateral field of view is the same as for the
default mode. However, a sparse subset of the total 128 scanlines is used to acquire the
frame with inter-scanline spacing set to 2, 4, or 8 line widths. Figure 2.6(a) shows the B-
mode image of the carotid artery [same region as Figure 2.4(a)] with a default scanline
spacing of 1 (all 128 scanlines active). Figure 2.6(b) shows the reconstructed B-mode
with the system setup for sparse scanline acquisition with an inter-scanline spacing of 4.
This sparse scanline mode is well-suited for applications in which high frame rates are
desired with full sector width, and a decrease in lateral resolution is acceptable. Figure
2.7 presents the frame rates obtained in the default mode (128 scan lines) and the sparse

scanline mode for an acquisition depth of 2.2, 4.5, and 8.2 cm.
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Figure 2.4(a) B-mode image of the carotid artery reconstructed from the RF signals collected for a full
lateral width of 2.5 cm (default) (b) B-mode image reconstructed from the RF signals with system in
reduced scanline mode [lateral width set to 0.6 cm (32 scan lines)]. Image was acquired with the scanhead
placed close to the same location as for Figure 2.4(a)
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Figure 2.5 Plot of acquisition frame rate (frames per second) versus lateral width using CL 10-5 probe for
axial depth settings of 2.2 cm, 4.5 cm and 8.2 cm with the system in reduced sector width mode. The lateral
widths of 0.6, 1.25 and 2.5 cm correspond to 32, 64, and 128 contiguous scanlines, respectively
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Figure 2.6(a) B-mode image of the carotid artery reconstructed from the RF signals collected for a full
lateral width of 2.5 cm (default) (b) B-mode image reconstructed from the RF signals with system in
sparse scanline mode [inter scanline spacing=4 linewidths]. Image was acquired with the scanhead placed
close to the same location as for Figure 2.6(a)
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Figure 2.7 Plot of acquisition frame rate (frames per second) versus lateral width for axial depth settings
of 2.2 cm, 4.5 cm and 8.2 cm with the system in sparse scanline mode. Line spacing of 1 represents the
default acquisition mode with 128 scanlines. The inter-scanline spacing of 2, 4, and 8 correspond to 64,
32, and 16 scanlines of data, respectively.
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2.5. Application in HIFU therapy monitoring

One of the important requirements of an ultrasound RF data acquisition system for
use in HIFU therapy monitoring is proper synchronization between HIFU therapy ON
times and RF data acquisition since interference between the HIFU beam and the imaging
system would otherwise degrade the RF data quality significantly. A B-mode image

reconstructed from the RF data acquired during HIFU is shown in Figure 2.8.

Figure 2.8 B-mode image showing interference due to HIFU beam

This interference is reported to occur due to saturation of the receiver electronics in
the front end of the imaging scanner by the HIFU [51]. This problem was partially
solved in Vaezy et. al [51] by triggering a gate signal on the HIFU therapy control unit
with the excitation pulse of one of the elements of the imaging probe. As a result, the
HIFU interference pattern is relegated to a section of the image frame outside the zone of
lesion formation. However, this setup does not support simultaneous RF data acquisition
desirable for off-line algorithm development. The software system reported in this work
developed around the HDI 1000 ultrasound scanner, and the master control program
written in LabVIEW™, makes interleaved RF data acquisition with HIFU therapy
delivery straightforward. Moreover, integrated control of therapy delivery and imaging

from the same master controller (PC) ensures proper synchronization which is essential
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for quantitative imaging applications. A detailed description of such an application is

presented in this section.

2.5.1. Experiment setup
The RF data acquisition system was first tested during an in vitro experiment to

study the formation of HIFU-induced lesions in bovine liver tissue. The schematic
diagram for the in vitro experiments is presented in Figure 2.9. A PC running the master
control software program (Section 2.3) sends control signals to the HIFU signal
generation circuitry (HP-33120 function generator, Hewlett Packard, Palo Alto, CA) via
GPIB, and to the HDI 1000 via Telnet. The control sequence begins with a software
command sent by the program to turn on the HIFU source. After a programmable ON-
time has elapsed (50-200 ms) the HIFU is turned off (via GPIB) and a command
dispatched to the HDI 1000 to acquire a RF frame while the HIFU is off. The software
program then waits for 100 ms (programmable) for the HDI 1000 to complete acquisition
(transmit-receive-store) before turning the HIFU on again for another exposure-image
cycle. The above sequence is repeated with the master program alternately interleaving
HIFU pulses with RF data frame acquisitions. The timing diagram representing this
synchronization scheme is presented in Figure 2.10. The total therapy delivery time
(excluding the brief 100 ms intervals when therapy is momentarily turned off for
imaging) was 2 s while post-therapy acquisition of RF data frames continued for an
additional 40 seconds.

A compact linear scanhead (CL 10-5, Philips Medical Systems, Bothell, WA) was
used for imaging along with a single PZT element HIFU transducer (SU107; Sonic
Concepts, Woodinville, WA), nominally operating at 3.5 MHz with an aperture diameter
of 33 mm, and a focal depth (radius of curvature) of 35 mm. The HDI 1000 was set to
acquire the full lateral width of 2.5 cm (128 scanlines). As shown in Figure 2.9, the HIFU
transducer was driven by a power amplifier (A150, ENI, Rochester, NY) connected to a
signal generator emitting a gated sine wave. In this arrangement, the frame rate of the
HDI 1000 is about 10 fps, but the HIFU duty cycle was chosen to be 66% (200 ms ON,
100 ms OFF) and the HDI 1000 is in a frozen state between frame acquisitions. No HIFU
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interference is observed in the RF data; indeed, the actual ultrasound acquisition time is

significantly shorter than the 100 ms allotted.

HIFU signal

generation HIFU Control

module system Commands
Control (Telnet)
Commands ———

gy
(FTP)

PC running Labview

Power
Amplifier

ATL HDI-1000

Ultrasound Scanner
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Figure 2.9 Experiment setup for synchronized RF data acquisition during HIFU therapy. The PC running
Labview™ alternately sends control commands to the HIFU generation module (via GPIB) and the HDI
1000 ultrasound scanner (via Telnet). The imaging probe is aligned such that it scans along the longitudinal
axis of the therapy beam in plane with the HIFU lesion.
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Figure 2.10 Timing diagram showing the synchronization between HIFU therapy delivery and HDI 1000
RF data acquisition. The timing parameters shown on the diagram were used for an in vitro HIFU
experiment (HIFU ON: 200 ms, RF acquisition: 100 ms). Note that although actual frame acquisition lasts
only about 30 ms, additional delay is incorporated to account for internal data transfer and system latencies.
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Figure 2.11 Sequence of fundamental B-mode images reconstructed from the acquired ultrasound RF
backscatter during and shortly after HIFU therapy. The total therapy ON time was 2 s. Note that
synchronization between therapy delivery and the ultrasound imager provides HIFU interference free B-
mode images. A visible hyperechogenic spot is observed on the B-mode image quite sometime after HIFU
therapy commenced (2 s) and they disappear shortly after therapy was turned off. Aside from subtle
scintillation of the speckle pattern in the focal zone prior to the hyperechogenicity, little change in the
image is visible.

The results of these initial HIFU experiments, shown in the B-mode images of
Figure 2.11, indicate that hyperechogenic regions forming in the neighborhood of the
HIFU beam focal zone can appear (and disappear) very rapidly, and aside from subtle
scintillation of the speckle pattern in the focal zone prior to the echogenicity, little change
to the image is visible. Conversely, processing of the full wave signal (RF) indicate that
progressive changes in the sound speed of the medium, and in scattering characteristics of
the tissue, are almost immediately detectable upon initiation of HIFU exposure and well
before a lesion is formed. Differential processing of backscattered RF ultrasound can
provide quantitative measures of lesion evolution and is the subject of the subsequent

chapters in this dissertation.

2.5.2. Timing Analysis - Latency and Jitter Measurements

As may be noted from the system description presented in Section 2.2, to
synchronize the RF data acquisition with the HIFU therapy delivery, a software-based

approach was employed to control the instrumentation components. To quantify the
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software timing latency between issuing a control command from the master control
program and observing the instrument response, a timing analysis was performed.
Specifically, the latency in the frame acquisition after a control command has been issued
from the PC was experimentally measured. A schematic of the experimental setup is
shown in Figure 2.12. The HDI 1000 ultrasound scanner is controlled over the Telnet port
from the master-controller PC. At the same instant that a software control command to
initiate RF frame acquisition is sent to the ultrasound scanner, a TTL high signal (+ 5V)
is sent out on the parallel port of the PC and recorded on the oscilloscope on Channel 1.
After a brief delay (5 ms), the TTL pulse is set low. The transmit pulse recorded by a
needle hydrophone placed at the focus of the imaging transducer (indicated by the focus
markers on the B-mode image) along the edge of the first scanline is recorded on Channel
2. The time delay between the signals recorded on Channel 1 and 2 is measured and is an

estimate of the system latency.

Master Controller
Control
Digital Oscilloscope Commands

Channel 1
Needle
Channel 2 hydrophane ATL HDI-1000
JE— . Ultrasound Scanner
L7-4
Linear amray
Water Tank

Figure 2.12 Experimental setup for latency measurement

A screenshot of the oscilloscope screen is shown in Figure 2.13. The figure shows

that the latency is approximately 17 ms. This value includes the internal PC latency in
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sending the control command over the Telnet port, delays along the Telnet link and the

system delay internally within in the HDI 1000 associated with parsing the Telnet

command, activating the beamformer and starting the frame acquisition.
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Figure 2.13 Screenshot of oscilloscope output illustrating latency between control signal output from the
master control program and initiation of RF frame acquisition measured using a hydrophone

To quantify the jitter in the latency measurement, the internal clock count of the HDI

1000 was recorded at the start of each frame acquisition. The variability in the difference

between clock counts (reported in ms) for consecutive frames was a measure of the jitter.

The plot in Figure 2.14 shows the time interval between consecutive frame acquisitions in

response to software control commands that initiate frame acquisition from the PC. Note

the fine scale along the vertical axis. A total of 50 frames were acquired with a

programmed interframe acquisition interval of 0.6 s. The deviation from the red dotted

line is a measure of the jitter in the frame acquisition interval. The mean inter-frame

interval over the 50 readings was 0.5999 s with a standard deviation of 6.97x10 s.
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Figure 2.14 Plot showing measured frame interval (-0) and user specified frame interval (--) sent out from
software program between consecutive frames (in seconds)

2.6. Application in Elastography

Although the primary application for this system in our research is in acquisition of
RF data during HIFU experiments, the system can be easily adapted to meet the data
acquisition needs for other emerging ultrasound imaging modalities requiring access to
RF data such as elastography [41, 83, 84], new Doppler-based imaging techniques for
measuring vascular and physiologic function [85], and radiation force imaging [42, 44].
This flexibility is demonstrated in this section through an application in the field of
elastography [41] — a recently developed quantitative technique to image tissue strain
under external compression, and to infer the elastic modulus.

A tissue-mimicking phantom with an inclusion (7% polyacrylamide was used for the
background and 15% for the inclusion making it stiffer) loaded with scatterers was
subject to external compression in the axial direction in steps of 0.1 mm using a
mechanical fixture holding the imaging probe (L11-5, Philips Medical Systems) attached
to a 1-D motion stage. The Young’s modulus of the background and inclusion measured
using a mechanical indenter was 16.3 kN/m? and 33.4 kN/m’ respectively. A schematic

representation of the experimental setup is shown in Figure 2.15.
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Figure 2.15 Schematic representation of the experimental setup used for the elastography application. An
external compression is applied in the axial direction using a mechanical fixture mounted on a 1-D motion
stage. Motion of the phantom is limited to the axial and lateral direction with constraints applied to prevent
motion in the elevation direction. Movement of the motion stage and RF data acquisition using the HDI
1000 is controlied from the PC running the LabVIEW based master control program.

The software program (described in Section 2.3) was modified for use in this
application to control the movement of the motion stage and to initiate acquisition of RF
data frames, essentially replacing the HIFU system with the mechanical compression
system. The acquisition sequence begins with a command sent to the HDI 1000 to
acquire a RF data frame (via Telnet). After the frame has been acquired, a command is
dispatched to the motion stage (via ISA interface) to move the transducer to compress the
phantom by 0.1 mm (out of a total phantom height of about 9 cm). The above sequence
was repeated until the phantom was compressed by the desired total displacement of 10
mm, with RF data frames collected between each displacement step resulting in a total of
100 RF frames. This data set permitted exploration of various algorithms and parameter
choices for determining strain, and assessing the noise in the system.

Figure 2.16 illustrates typical results of this test. The RF lines were divided into
overlapping segments and the axial displacement between segments at the same lateral
position selected from frames ten time steps apart was computed using a 1-D cross-
correlation algorithm. A least-squares strain estimator was used to compute the axial

strain from the displacement estimates. Figure 2.16(a) shows the B-mode image of the
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phantom with the external compression applied at the top of the image; by design, there is
little echo contrast between the background and the inclusion. The axial displacement
map is shown in Figure 2.16(b) and the strain elastogram appears in Figure 2.16(c). The
region surrounding the inclusion is delineated with a dotted line on the B-mode image.
Visible contrast between the background and the inclusion is seen on the strain
elastogram.

An estimate of the error in the displacement estimates was also obtained using a
“sham” measurement in which no external motion was applied. A set of 10 RF frames
were acquired with no external compression and the 1-D displacement tracking algorithm
was used to estimate the axial displacement. The mean displacement error (averaged
over the entire frame) was 0.4 um. The theoretical lower bound on the error in the
displacement, calculated using the expression derived in [86], was 0.25 um. Additional
sources of error not included in the theoretical calculation but which could affect the
experimental result are building vibrations that could have propagated to the sample
holder, jitter in the position of the ultrasound probe and inhomogeneities within the
sample that could have locally affected the SNR and the displacement estimate.
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Figure 2.16 (a) B-mode image (c) Strain elastogram of the acrylamide gel phantom subject to 0.1 mm axial
compression per step from the top using an external compressor. Lighter colors (towards white) on the
color scale represent low relative strain while colors towards black (bottom) represent higher relative strain.
The total displacement resulting from the external compression was 10 mm. The axial displacement is
shown in (b). The dotted line on the B-mode image indicates the boundary of the inclusion.



35

To determine the suitability of the HDI 1000 for freehand elastography, we assume
that choosing a minimum displacement (external compression) of five times the
displacement error would provide a reasonable signal-to-noise ratio; thus, at least 2 um
compression between frames would be desirable. Assuming a freehand acquisition frame
rate of 10 frames per second, a compression rate of at least 20 pm/s would be adequate.
However, to avoid speckle de-correlation as a result of large external strains, it would be
desirable to limit the maximum applied external compression rate to less than 10 mmy/s.
Consequently, freehand elasticity imaging for externally applied compressions in the
range 20 pum/s to 10 mm/s on simple objects should be feasible using this system. In vivo
elasticity imaging is typically much more difficult, but the results of the phantom test
indicate that the HDI 1000 system is a promising tool for freehand elastographic data
acquisition.

The system is also being used as the primary data acquisition instrument in research
efforts currently underway in our facility to develop imaging techniques to characterize
tissues based on a difference in pulsatile motion induced by internal cardiac contractions
[87]. This technique relies on the ability to measure displacements much smaller than a
wavelength along the ultrasound beam. The custom acquisition modes (described in
Section 2.4) are employed to provide the high frame rates (at least 50 fps) required for
this application, in order to properly sample the full bandwidth of the cardiac pulsatile

waveform.

2.7. Discussion

An in-house developed ultrasound RF data acquisition system using a commercially
available ultrasound scanner for HIFU lesion monitoring has been presented in this
chapter. The software-based architecture of the system provides the capability to develop
additional custom acquisition modes allowing the user to select optimum acquisition
settings for parameters such as frame rate, scanline density etc. for a given application.
As illustrated in Figure 2.5 and Figure 2.7, the newly developed reduced sector width and
sparse scanline modes significantly improves the RF data acquisition frame rate. For the

reduced sector width mode Figure 2.5 (a), at each of the selected imaging depths, the
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frame rate increases by almost a factor of 4 when the sector width is reduced from the
default setting of 2.5 cm to 0.6 cm. For the sparse scanline mode (Figure 2.7), the
acquisition frame rate increases linearly with the scanline spacing. Moreover, since the
transmit pulse sequences and the beamforming parameters are programmed in software
via re-configurable application program interfaces (APIs), the system can support the
future development and implementation of custom transmit pulse sequences and
beamforming algorithms, required for applications such as coded excitation imaging [88]
and harmonic imaging. This will extend the scope of applications potentially possible
with the system.

The ability to externally control the operation of the HDI 1000 ultrasound scanner
provides the capability to synchronize the RF data acquisition with additional devices and
instruments that are part of the experiment setup. For example, in the application on
HIFU lesion monitoring using backscattered ultrasound (Section 2.5), ensuring that RF
data is only acquired during therapy OFF times is essential to avoid interference that
would otherwise render parts of the RF data frames unusable for post processing.

Although the primary application for this system in our research is acquisition of RF
data during HIFU experiments, the system can be easily adapted to meet the data
acquisition needs for other emerging ultrasound-based imaging modalities requiring
access to RF data such as elasticity imaging [84], new Doppler-based imaging techniques
for measuring vascular and physiologic function [85, 89] and radiation force imaging
[44]. All of these imaging modalities rely on the ability to track small displacements on
the order of microns which are better resolved by analyzing the RF data compared to the
envelope detected B-mode data. The results from the “sham” experiment show that the
expected error in the RF echo shift estimates is below the micron sized displacements

typically encountered in these modalities.

2.8. Conclusion
The HDI 1000 ultrasound scanner is recognized as one of the first commercial
scanners to be built on software dominant system architecture. Compared to the high-end

systems available today that typically employ 128 channel beamformers with advanced
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post-processing algorithms such as spatial and temporal compounding [90], the HDI 1000
system with a 32 channel beamformer is a low to mid range system. Nevertheless, it
provides the opportunity to implement and validate novel RF data processing algorithms
in a research environment. The subsequent chapters in this dissertation further
demonstrate the ability of the software-based acquisition system to acquire temporally
synchronized HIFU interference free ultrasound backscatter data along with data from
other acoustic and thermal sensors. Parts of the material presented in this chapter have

been previously reported in a conference proceedings paper [91].
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3. MONITORING HIFU LESION FORMATION USING
BACKSCATTERED ULTRASOUND

3.1. Introduction

The goal of this chapter is to demonstrate that tracking changes in the raw ultrasound
backscatter (commonly referred to as “ultrasound RF”’) provides improved visualization
of lesion formation induced by HIFU compared to standard fundamental ultrasound
B-mode images. Two signal processing approaches to track changes in the ultrasound
backscatter were applied, one designed to track temperature related information and the
other designed to detect changes in local tissue scattering properties. The chapter begins
with a brief description of the effect of temperature on ultrasound backscatter in Section
3.2. The mathematical model explaining this effect is summarized in Section 3.3. In
section 3.5, a signal processing based algorithm to estimate temperature induced strain
from ultrasound backscatter is described. In vitro experiments performed in tissue
mimicking phantoms and excised bovine liver to validate this algorithm is presented in
section 3.6. A preliminary experiment on quantitative temperature estimation is presented
in section 3.7. The technique developed to detect local changes in tissue scattering
properties related to HIFU lesion formation by tracking changes in the spectral content of
the backscattered signals is described in section 3.8. The chapter concludes with a
discussion motivating the need for a thermal diffusion model-based temperature
estimation algorithm for HIFU therapy monitoring that is then further developed and

presented in Chapter 4 and 5.

3.2. Effect of temperature on ultrasound backscatter

When a region of tissue is heated, the backscattered ultrasound signal experiences
echo location shifts [70]. These shifts are due to changes in the local sound speed and
thermal expansion. The change in sound speed causes an apparent shift in the scatterer
location while the thermal expansion effect causes a physical shift. Figure 3.1 shows an
illustration of the change in the echo locations caused by local changes in temperature

along the ultrasound pulse propagation path. The scatterers shown are all initially at
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temperature T (panel (a)). The corresponding backscattered signal is simulated in panel

©).

Temperature T During Heating
Ultrasound Ultrasound Backscatter
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Figure 3.1 Illustration of the shift in the backscattered ultrasound echo locations due to temperature
induced sound speed change and thermal expansion along the propagation path of the imaging pulse. c is
the nominal sound speed assumed in the imaging system. The total shift in the echo at a particular depth is
the cumulative sum of the local travel time change occurring at depths shallower to it. Panel (a) represents
the scatterer locations along the pulse propagation path at temperature Ty. (b) illustrates the scatterer
locations when the local temperature changes to Ty, 7 .... T,. (¢) and (d) represent the backscattered echo
corresponding to the scatterer locations shown in (a) and (b) respectively

The local temperature change 7; results in a change in the round-trip travel time of an
ultrasound transmit pulse to the scatterer and is denoted by Az, This travel time change
includes the effect of sound speed change and also thermal expansion. The travel time
change is mapped into an equivalent displacement of the scatterer given by the equation
Ad; = (cAt;)/2, where ¢ represents the nominal sound speed in the medium. The new
location of the scatterers is shown in panel (b). The local acoustic travel time changes,
(At;), result in cumulative shifts in the backscattered echo as illustrated in panel (d). The
echo shift at a given depth (At;, At; +At,, Af; +At+ ...+ At, for the scatterers shown) is

thus the cumulative sum of the local travel time changes from depths shallower to it. This
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Figure 3.2 Sound speed versus Temperature measured in Ex-vivo Pork Liver. The data is fitted with a
second order polynomial (Bloch, S. MS Degree Thesis, University of Washington, Seattle)

cumulative shift is what is observed in the backscattered echo signal. To compute the
local acoustic travel time change, the derivative along the depth direction is computed.
Experimentally measured sound speed versus temperature (c(7)) curves, typically
represented by a second order polynomial [92] for water-based tissue media have been
reported in the literature [49, 55, 72]. Specific trends can be noted in the ¢(7) curve for
biological tissue with low fat content. Typically, for temperatures near body temperature,
the speed of sound increases rapidly with temperature. The sound speed commonly peaks
at temperatures between 50 and 70 degrees C, depending on tissue type, and then
decreases with further increase in temperature. Figure 3.2 shows the ¢(7) data for ex-vivo
pork liver over the therapeutic range fitted by a second order polynomial with the error
bars representing variation in estimates from different samples. Data for the thermal
expansion coefficient (expressed in /°C) in soft tissue is available for a limited
temperature range upto 5S0°C [92, 93]. In this temperature range, it has been shown that
the time shifts caused by thermal expansion are significantly less than that due to the
local sound speed changes [72, 94] and can be neglected [73]. From Figure 3.2, it can be
seen that the sensitivity of the sound speed versus temperature relationship decreases as
the temperature is raised from room temperature close to the coagulation threshold and

this complicates the direct mapping of observed echo shits to temperature. In this chapter,
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we focus on methods to extract the cumulative echo shifts from the ultrasound
backscatter during HIFU exposures. Mapping of this information to temperature is the
subject of chapters 4 and 5.

3.3. Mathematical model describing effect of temperature on ultrasound

backscatter

In this section, a mathematical formalism relating the echo shifts observed on the
backscattered ultrasound signals to temperature change is described. The model assumes
that the effect of thermal expansion is negligible, the relation between sound speed and
temperature is spatially invariant and that the initial baseline temperature is constant
throughout the medium before heating commences. The formalism below closely follows
that reported by Miller et. al. [72] but with the addition that the relation between
temperature and the local acoustic travel time change (due to the sound speed change) is
explicitly derived. The mapping between sound speed change and temperature is assumed
to be linear in this analysis.

Consider a 2-D arrangement of discrete acoustic scatterers. The sound propagates
through the medium along y. The ultrasound echo signal received after propagation
through the medium and reflected back is sampled at a regular spacing, Ay. The
ultrasound imaging transducer that sends out the sound pulses and detects the echoes is
located at y = 0. For a uniform sound speed at the baseline temperature of T, °C, co, the
round-trip travel time, £, to the i™ element in depth is,

;= 2iAy

i

@3.1)
Gy

The new round-trip travel time to a depth location i due to the temperature induced

change in sound speed is,
A (3.2)

where cy is the sound speed value for the K" sample volume in the intervening acoustic

path between the transducer and the region of tissue under consideration. Therefore, the
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travel time change (dt;) of the i™ tissue sample volume in the heated tissue relative to the
unheated tissue is,
, a1
St =t,'-1,=2Ay| Y ——— (3.3)
k=0 Cr Co
For an imaging system that displays echo information assuming that distance is
linearly related to propagation time via an assumed uniform sound speed, Cyysem, this
travel time change due to local changes in sound speed manifests as an apparent location

shift in the backscattered echo given by,

Sy, =Csy”eTm5ti=ti —t =CA>{ZCL-CL} (3.4)

This equation illustrates how changes in the local sound speed of the medium caused

by local temperature rise results in shifts in the echo location in the backscattered
ultrasound signal. It may be noted from equation (3.4) that merely estimating the echo

shift (8y,) at a given location does not provide unique information related to the local

sound speed change at that location. This nonuniqueness is illustrated schematically in
Figure 3.3 using a pair of simulated sound speed profiles. The variation of sound speed as
a function of depth is shown in Figure 3.3(a) for two profiles, Profile 1 in which the
sound speed change is localized to a narrow spatial region in depth and Profile 2 where
the sound speed change is nonzero over a wider region. The baseline sound speed ¢y is
1500 m/s. The magnitude of the sound speed change relative to the baseline is lower for
Profile I compared to Profile 2. Applying equation (3.4) to both the profiles assuming
Csystem = 1540 m/s and Ay= 32 pm, Jy,is computed and plotted in Figure 3.3(b). It can

seen from this figure that although the underlying local sound speed change for both the

profiles at depths of 0.026 and 0.037 m (marked by the red and green dots on the

respective plots ) are different, the &y, values are identical at these points. This is a

consequence of the fact that the Jy, values are obtained by accumulating the local sound

speed change values. In order to extract local changes in sound speed that could be
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directly related to local change in temperature, the derivative along the depth direction

must be computed.
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Figure 3.3 (a) Local Sound speed change profiles (b) Cumulative echo shift profiles corresponding to the
sound speed change profiles in (a). The red and green dots on the plots represent locations where different
local sound speed change values result in the same echo shift value (Ay).

The simplest approach is to compute the difference between adjacent echo shift values
Ay, along depth as per_the following equation,

£ = M = Copgom _1___1_ (3.5)
Ay Cy

i+l

In the above equation, ¢; is defined as strain since it is the derivative of echo shifts.
In the context of the temperature estimation problem, it is also referred to as temperature
induced strain. This terminology is used throughout the rest of this document. The
operation performed in equation (3.5) to compute the strain is referred to as the gradient
operation. However, it must be noted that estimation errors in the echo shifts are

amplified in the presence of noise through the gradient operator. A commonly used signal
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processing approach to overcome this problem is to apply a least squares strain estimator
on the estimated echo values [95]. The main goal of the least squares strain estimator is to
reduce noise amplification due to the gradient operation. This is achieved by performing
a piecewise linear curve fit to the estimated echo shift values.

The sound speed ¢; at any temperature T; can be expressed in terms of the change in

sound speed relative to the baseline value ¢y (at temperature T)) as,
¢, =C,+0c,, (3.6)

Since 8¢41 << ¢y, equation (3.5) becomes,
€ir1 = Coystem [%‘) (3.7
For a linear change in sound speed as a function of temperature (valid in the range
from room temperature to about 50° C), the sound speed (c;+;) at temperature T can be
expressed in terms of the initial sound speed ¢y as,
0c;,y =€y —Co = POT,, (3.8)
where S is the temperature coefficient for sound speed and 6T is the change in
temperature relative to the initial temperature T,
Combining equation (3.7) and (3.8) we see that the temperature induced strain (¢) is
directly proportional to the induced temperature change,

oT,
€i+1 = Csystem [ﬁ c 2 = j (39)

0

The constants cgyg.m,  and ¢, are combined together to form a new scalar constant y.
Equation (3.9) can be rewritten as,

€. =Y 0T, (3.10)

The above equation also shows that to convert the temperature induced strain values

computed from the backscatter data to quantitative temperature change, accurate

knowledge of the scalar constant ¥ is required. This quantity however is highly tissue

dependent since it depends on the relative proportion of tissue constituents such as fat,
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collagen and water [72]. If accurate knowledge of this parameter is available, the strain

estimates derived by processing the ultrasound backscatter can be mapped to temperature.

3.4. Inter-tissue variability of relationship between strain and temperature

The precision of the temperature estimates derived from ultrasound backscatter data
depends on the slope of the curve used to map strain (¢) to temperature (7). This mapping
between strain and temperature is denoted by ¢(7). The &(T) relationship shows
considerable variability amongst tissue types as it is dependent on tissue composition.
The ¢(T) mapping for human liver tissue with different fat and water content is illustrated
in Figure 3.4. The temperature induced strain increases with temperature in the range 37-
50°C for normal human liver (low fat content) (Figure 3.4(a)), but decreases strongly
with temperature for liver tissue with high fat content (Figure 3.4(c)). However, for liver
tissue with intermediate fat content (Figure 3.4(b)), the slope of the ¢(T) curve is close to
zero in the temperature range 37-50°C. Hence, it is important to keep in mind the
influence of inter-tissue variability on the shape of the ¢(7) curve, which in turn affects

the precision of the ultrasound based temperature estimates for a given clinical scenario.
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Figure 3.4 Temperature dependence of strain for (a) normal human liver (b) liver with an intermediate fat
content (c) marked fatty liver [72].
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A detailed survey of the literature on temperature dependence of sound speed (the key
contributor to temperature induced strain ¢) for mammalian tissues was conducted by
Bamber [78] and other authors. Figure 3.5 illustrate measured sound speed versus
temperature for a number of different tissue types and pathologies. For almost all of the
tissue types shown in the figure, a noticeable change in sound speed as a result of
temperature rise is observed for the temperature range reported. Hence, ultrasound
temperature estimation in these tissue types should not pose a significant challenge. For
the case of liver carcinoma (a potentially important tissue type for HIFU ablation
applications), Sehgal reported that the sound speed versus temperature relationship is

similar to that of normal healthy liver.
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Figure 3.5 Measured temperature dependence of sound speed for different mammalian tissues. The data
were reviewed by Bamber (1997) except where noted (Reproduced from Miller and Bamber [72])
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3.5. Estimation of temperature induced strain from ultrasound backscatter -

Algorithm description

To estimate the echo shifts and the temperature induced strain (¢) from backscattered
ultrasound data collected during HIFU therapy, a time domain cross-correlation based
algorithm originally developed for elastography [41] was adapted to the current problem.
The algorithm operates on pairs of RF data frames acquired sequentially during the HIFU
exposure experiment using the HDI 1000 ultrasound scanner. The organization of the RF
data set is illustrated in Figure 3.6. The orientation of the imaging transducer is shown in
Figure 3.6(a). The vertical direction downward is depth into the sample being imaged and
the horizontal direction is the lateral distance. In ultrasound literature, the depth direction
is typically referred to as “fast time”. A single RF frame comprises of a set of ultrasound
scan lines (typically 128), each of which is obtained at a single lateral location by firing a
pulse into the medium and receiving the backscattered echoes. A number of such 2-D
frames can be acquired sequentially over the duration of the experiment (typically
referred to as “slow time” in the ultrasound literature) to obtain a 3-D data set as shown

in Figure 3.6(b).
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Figure 3.7 Block diagram representation of temperature induced strain estimation algorithm for a pair of
RF frames { and i+ collected at experiment time (slow time) ¢ and t+AT

A block diagram representation of the RF data processing scheme is shown in Figure

3.7. The RF lines are divided into a set of overlapping segments and the estimation
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technique is applied on each of the segments. For a given segment, this operation can be
mathematically represented by the following equation,
k=m-—1

)= max ];) s,(k)s;,(k+37) -n/2<j<n/2 (3.11)
where s; represents a RF segment on frame i (collected at slow time ¢), s;+; represents a
RF segment on frame i+/ (collected at slow time t+AT), j represents the echo shift
between s; and s;.;, m represents the window length, n represents the search range on line
i+ and c represents the cross-correlation coefficient. The segments s;,; and s; are
normalized to unit energy. In this case, ¢ represents the normalized cross-correlation
coefficient with values ranging from -1 and 1. The various parameters are diagrammed in
Figure 3.8.
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Figure 3.8 Graphical illustration of the various processing parameters used in the algorithm to estimate
temperature induced strain

The RF scan lines (typically 128) in each frame are divided into a series of segments

of length 1 mm with 20% overlap which gives an effective pixel resolution in the echo
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shift image of 0.8 mm. A resolution of 0.8 mm is on the order of the beam widths of the
HIFU transducers used in this study and is suitable for visualizing the steep thermal
gradients around the HIFU focus. The segment length was chosen such that it contains
multiple ultrasonic wavelengths which helps improve the signal-to-noise of the echo shift
estimation process. For each segment in a given frame (i), a search region is defined
around the same spatial location on a temporally adjacent frame (i+I). The segment
selected in frame i (say s;) is multiplied by a window at the top of the search region (si+;)
in frame i+ point-by-point, summed and the value stored in an variable c¢. This operation
is repeated until the end of the search region is reached keeping s; the same but choosing
a new segment s;.; each time that begins one sample below the previous choice of s ;.
The time shift j between s; and the window choice s;,; that maximizes c is the estimated
shift. j is converted to seconds by multiplying by the RF sampling period to obtain the
travel time change between adjacent frames M&,gjacens This operation is repeated for all the
overlapping segments defined in frame i to generate a Hagjacens 2-D matrix corresponding
to frame s; and then repeated for all the frames taking 2 frames at a time. A 3-D matrix
O adgjacens Of size N-1 (where N is the total number of acquired RF data frames) is thus
obtained. A cumulative sum of the time shifts (H¥agjacens) is computed along the temporal
direction (slow time) to obtain the cumulative travel time change map (&) that represents
the time shift change with reference to the initial frame before therapy commenced.
Computing sgiacens between adjacent frames and then summing them to obtain the
cumulative change has been shown to reduce errors due to decorrelation [96]. These
estimates of & are an integrated quantity in that travel time changes detected at a
particular depth are influenced by changes along the acoustic path shallower to it. Hence,
to obtain the temperature induced strain ¢, ¢ is differentiated axially. The differentiation
is performed by fitting a straight line to the ¢ estimates over a length of 4 mm which
corresponds to 5 echo shift estimates spaced 0.8 mm apart. The slope of the fitted line

gives € locally.
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The magnitude of the time-shifts &ugjacensis typically very small. It varies from 1/ 10"
of the RF data sampling interval to a few samples. This necessitates the need for
employing accurate sub-sample estimators that are capable of estimating time shifts that
are a fraction of a RF sampling period to obtain the desired accuracy. The sub-sample
estimator employed in this algorithm is based on the parabolic interpolation technique
reported in the literature [97]. The peak of the interpolation function is fitted to a parabola
and the maximum point on the parabola is estimated. This enables time-shifts less than a
RF sampling period to be estimated. The parabolic interpolation technique does result in
biased estimates depending on the true value of the time shift and the bias error function
has a characteristic shape of a sine function [97]. The maximum sub-sample estimate
error occurs at time shifts 0.25-0.3 samples away from integer shifts while zero bias error
occurs at a time shift of 0.5 samples [98]. A number of sub-sample estimators have been
proposed in the literature [97, 98]. However, the parabolic estimator is computationally

efficient and attractive for use in real-time implementations [97, 99].

3.6. In vitro experiments

Experiments were performed in bovine liver and tissue mimicking phantoms to
demonstrate that temperature related changes during HIFU therapy can be visualized by
tracking the temperature induced strain (¢) measured from the ultrasound backscatter

data. Details of these experiments and the results obtained are presented in this section.

3.6.1. Experimental Therapy Protocols

Two clinically applicable experimental therapy protocols were employed. In the first
protocol, point lesions were created where the HIFU transducer was held stationary while
therapy was being delivered. The typical size of the lesion in this case was close to the
physical dimensions of the focus of the HIFU therapy transducer (5 mm along HIFU
beam propagation, 0.5 mm transverse). The second experimental protocol is referred to
as scanned lesion protocol. In this approach, the therapy transducer was translated along
the circumference of a circle of radius 7.5 mm while it emits the sound beam at a fixed

intensity. The lesion extends over the entire circumference of the circle. These protocols



52

require synchronization between HIFU therapy delivery, the HDI 1000 and the transducer

scanning to guarantee HIFU interference free RF data.
3.6.2. Point HIFU lesions in excised bovine liver tissue

3.6.2.1. Experiment Setup

The experimental setup is same as that shown in Fig. 2.8. A 3.5 MHz HIFU therapy
transducer (SU-107, Sonic Concepts, Woodinville, WA) with an aperture diameter of 33
mm, and a focal depth of 35 mm was utilized for delivering the HIFU therapy dose. It
employed an air-backed, concave, single PZT element. The driving electronics for the
HIFU transducer consisted of a signal generator (HP 33120, Hewlett Packard, Palo Alto,
CA) driving a power amplifier (A150, ENI, Rochester, NY). The imaging probe used was
the ATL CL10-5 (Philips Medical Systems, Bothell, WA) with a frequency range of 5 to
10 MHz. RF data frames were acquired between HIFU exposures, at a rate of about 5 Hz,
with the HIFU completely off during the acquisition to avoid interference from the HIFU
beam. The RF data acquisition was controlled using the setup described in detail in
Chapter 2. Alignment needles mounted at the base of the sample holders were used to
ensure that the imaging plane of the ultrasound scanner coincided with the plane of HIFU
beam propagation. As part of the experiment setup, before the therapy session
commenced, the HIFU transducer was first translated in a 3-D plane until the reflected
signal from the near end alignment needle received using a pulse-echo technique was
maximized. This ensured that the focus of the HIFU transducer was aligned with the
needle. The ultrasound imaging probe was mounted on a specially designed fixture
attached to the sample holder so that the imaging plane also coincided with the needles.
This was confirmed by ensuring that the needles were visible on the B-mode images. The
RF data collected was transferred to the PC at the end of the experiment for offline
processing.

Fresh whole beef liver was obtained on the day of the experiment from a local
abattoir (Schenk Meat Packing Co., Stanwood, WA) and chilled in phosphate buffered

saline (PBS). Pieces of liver were carefully cut to select nearly homogenous tissue by
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avoiding large blood vessels. The pieces were sized to fill specially designed tissue
holders that allow the imaging and therapy transducers to be registered to the tissue block
and oriented such that the longitudinal axis of the therapy beam was in the plane of the
imaging probe and perpendicular to it. The liver samples were degassed in PBS and
warmed to 37°C in a water tank filled with degassed PBS. The in situ therapeutic
intensity (Isar) used was calculated to be 1250 W/cm? based on measurements made in
water using a radiation force balance and an attenuation coefficient of 0.7 dB/cm/MHz
for liver. For the results presented in this section, the total integrated HIFU exposure time
(excluding the brief HIFU off times for RF data acquisition) was 2 seconds. The intensity
and duration of exposure to HIFU were determined based on comprehensive dosimetry
studies conducted in our laboratory to observe the bioeffects under well controlled
conditions for a range of experimental parameters [100]. RF frames (Each RF frame is a
collectbion of A-lines over a lateral extent of 2.5 cm with lateral spacing of ~0.2 mm)
were collected every 0.2 s during a 0.1 s interruption of HIFU delivery. A single frame
was acquired before HIFU therapy commenced to serve as the reference frame. After
HIFU exposure, RF data frames were acquired at intervals of 10 seconds for 2 minutes to

visualize the cool down period.

3.6.2.2. Results

The results obtained by employing the algorithm described in Section 3.5 on RF data
collected from bovine liver are shown in Figure 3.9. The top row represents B-mode
images recorded at different time intervals during the experiment. In the middle row,
travel time change maps ( &sgjcens) scaled by a nominal value of 1540 m/sec (sound speed
assumed on the HDI 1000) are represented as apparent displacement in microns. The
HIFU transducer is to the left and the imaging probe is located at the top of the images.
The timer represents the temporal location of the current frame with respect to the first
frame acquired before HIFU therapy commenced. The color scale is bi-polar where
apparent displacement towards and away from the imaging transducer is coded in shades
of red and blue respectively. The displacement maps are further modulated by the

correlation coefficient (¢ in equation (3.11)) between RF segments used in the
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displacement estimation, with lighter shades of gray representing estimates with lower
confidence.

No bright spet  Bright spot No Bright spot
on B-mode  on B-mode on B-mode

HIFU

B-Mode

| Bovine Liver (ex-vivo)

legion @37 C
R RF data frame
]
Pre.HIFU | | HIFUON]| | Post-HIFU |
! sasuEmn I ama %
t=0s | | :
i \V/ \V/ i / |
D Towards -1 25 pm
Travel time imag ng transduser
change . - O pm
5 v J‘ .ﬂ‘ fway from
( tﬂdinﬂent) S I intiaging Liansducsr -15 ym
t=02s t=2s t=20s
0.5Y%
Temperature 0
Induced Strain
(¢)
0%

Figure 3.9 Travel time change maps (8fagjacens) €Xpressed as apparent displacement in microns (middle row)
and temperature induced strain maps (bottom row) for in vitro bovine liver experiment. The top row shows
the corresponding B-mode images.

It is seen that very soon after the HIFU was turned on (0 <t < 0.4 s), apparent
motion towards the imaging transducer (located at the top of image) is observed over a
large region surrounding the focal zone and appears before any hyperechogenicity
appears on the B-mode image. This is related to the rapid increase in temperature in the
focal region that results in a decrease in acoustic travel time. Similarly, during the cool-
down period (after t=2.2 seconds), apparent motion appears in the opposite direction due
to recovery of sound speed values. In the time interval 1.8 < ¢ < 2.2 s, a hyperechogenic
spot is seen on the B-mode image while in the corresponding apparent displacement
image, the area around the focal spot is delineated by an oval zone with colors indicating

maximum positive and negative apparent motions in a random pattern largely masked by
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the gray color indicating poor correlation. This is most likely due to the rapid generation
of bubbles resulting in de-correlation of the RF data between adjacent frames. The
bottom row in Figure 3.9 shows the temperature induced strain (¢) profiles during HIFU
therapy delivery, one acquired shortly after HIFU commenced (¢ =0.2 s) and the other at
t=2 seconds when a hyperechoic spot appears on the B-mode image. Strain change
related to the temperature increase at the focal spot can be clearly seen. The decorrelation
in the RF data possibly due to the formation of bubbles also affects the ¢ maps in a
manner similar to the & maps as seen from the maps at time =2 s.

This experiment demonstrated that estimates of temperature induced strain (1)
computed from the RF data provides useful information for tracking the temperature rise
during HIFU therapy. In addition, on a qualitative basis, since changes were seen on the
maps before appreciable changes occurred on B-mode images, they provide a method of

improved visualization of the lesion location and in guiding the therapy beam.

3.6.3. Scanned HIFU lesion in a tissue mimicking phantom

In arrangements such as those used in the experiment described in section 3.6.2, the
HIFU transducer was held stationary during treatment. A disadvantage of such an
arrangement in a clinical setting is that the volume of tissue treated by each exposure
from a single-element transducer is small, typically 0.15 cm’ [1]. Hence, treatment of a
large tissue volume is time-consuming and requires the creation of an array of point
HIFU exposures with adequate cooling time between exposures for the tissues to cool
down. To overcome this drawback, alternative approaches aimed at reducing the
treatment time while maintaining the efficacy have been proposed. One such alternative
approach is to sweep the transducer over the target volume while it is emitting the sound
beam. Effective methods of visualizing the region heated during scanning and providing
quantitative information on the resulting temperature rise is important for the successful
implementation of these protocols. Temperature induced strain (¢) maps were generated

using the algorithm described in Section 3.5 applied to data collected during experiments
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conducted with this therapy protocol. The methodology and results obtained are

presented in this section.

3.6.3.1. Experiment setup

The instrumentation setup is similar to that used for the point lesion experiment
protocol (shown in Fig. 2.8). Changes were made to the master control program so that
the HIFU transducer attached to a 3-D motion stage could be translated along a circle
during the experiment. The imaging transducer was oriented perpendicular to the HIFU
beam propagation axis. The relative orientation of the HIFU transducer, imaging
transducer and the plane of lesion formation is illustrated in Figure 3.10. The experiments
were performed in a tissue mimicking phantom (alginate dental impression material

~Jeltrate®, Dentsply International, Milford, DE).

¢ Imaging Probe

HIFU
transducer

Lesion track
In tissue slice

Figure 3.10 Relative orientation of the HIFU transducer, imaging probe and plane of HIFU lesion
formation for the scanned lesion formation experiment



57

The imaging transducer was oriented such that the imaging plane coincides with the
plane in which the lesion is formed. The motion stage was programmed to move the
HIFU transducer along a circular path of radius 0.75 cm while HIFU was applied to a
phantom and RF data was collected during brief interruptions of HIFU delivery and after
therapy as well. The therapy lasted 25 seconds and RF data acquisition continued for an
additional 50 seconds after HIFU delivery. Maps of temperature induced strain (¢) during
therapy were generated by analysis of the RF data using the algorithm described in

Section 3.5.

3.6.3.2. Results

The ¢ maps at four different time instants are shown in bottom row of Figure 3.11
while the corresponding B-mode images are shown in the top row. The color scale
represents the magnitude of the induced strain towards the imaging transducer positioned
above the image. Although no appreciable changes are seen on the B-mode images
throughout therapy delivery and cool down, the ¢ maps clearly show the local
temperature change induced by HIFU. As therapy progresses, the ¢ maps track the
temperature rise along the scanning path of the HIFU transducer. These results
demonstrate that local temperature changes induced by HIFU can be visualized by
tracking changes in & maps generated from the ultrasound backscatter signals.

To quantify the temperature induced strain over time, the amplitude and width of the
strain profiles laterally along the white segment (labeled R) in Figure 3.11 were measured
by fitting it to a Gaussian function. This location represents the start of the HIFU
transducer scanning path. The 1-D strain profiles along segment R at five different time
instants soon after HIFU therapy commences are shown in Figure 3.. The measured
Gaussian radius and amplitude of these profiles are shown in Figure 3.13 and Figure 3.14
respectively. It can be seen that shortly after HIFU therapy commences, the strain
amplitude increases consistent with the temperature rise. After a short time, the amplitude
begins to decrease since the transducer has moved anti-clockwise away from this location
and is no longer depositing the heat at this location causing the temperature to decrease.

The Gaussian radius increases with time during the course of HIFU therapy due to
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thermal diffusion. These results demonstrate that the temperature induced strain maps
provide an effective means of visualizing the thermal diffusion process. Furthermore,
they illustrate the potential to extract quantitative temperature information by relating

the strain information to a thermal diffusion model.
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Figure 3.11 Maps of changes in local travel time (bottom row) and corresponding B-mode images (top row)
during and shortly after therapy for a circular scanned HIFU therapy protocol in a phantom. The scanning
path of the HIFU transducer is shown on the top left B-mode image by the red circle. The strain profiles along
the white horizontal line labeled R are plotted in Figure 3. below.
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Figure 3.12 1-D lateral strain profiles along R in Figure 3.11 at time t=2, 4, 6, 8 and 10 seconds after HIFU
therapy commences (-0-) and the corresponding Gaussian fits (—) to each curve.
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Figure 3.13 Gaussian radius at various times during HIFU heating relative to value at t= 2 s for 1-D strain
profiles along R in Figure 3.11.
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Figure 3.14 Strain amplitude at various times during HIFU heating relative to value at t= 2 s for 1-D strain
profiles along R in Figure 3.11.

3.7. Quantitative Temperature Monitoring using Backscattered Ultrasound
(“Hotwire” Experiment)

The results of techniques described in section 3.5 showed that analysis of the raw
ultrasound backscatter provides improved visualization of lesion evolution by tracking
the temperature rise compared to standard B-mode images. However, these techniques
are qualitative in nature. In this section, a preliminary experiment to quantitatively
compare temperatures estimated from the noninvasive ultrasound based technique with
independent measurements made using thermocouples inserted in a tissue mimicking
phantom in close proximity to the heat source is described. A phantom was chosen
instead of tissue for this preliminary experiment so that the technique could be evaluated
in a controlled setting. This experiment also served as a means of validating the strain
estimation algorithm (section 3.5). The quantitative comparison was made in the
temperature range 23-29°C. For this temperature range, the temperature induced strain is
primarily due to the change in the speed of sound with the temperature and the effect of
thermal expansion is ignored [73]. To be able to invert the temperature induced strain

data to obtain temperature, a separate experiment was performed to explicitly measure
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the relation between sound speed and temperature. A detailed description of the

experimental setup and the results is provided in this section.

3.7.1. Experiment Setup

An electrical heating element was employed in this experiment instead of an acoustic
heat source (HIFU) to induce the temperature rise in a phantom. The main motivation in
doing so for this preliminary experiment was to avoid the possibility of bubbles induced
by acoustic cavitation from causing de-correlation artifacts in the RF data and focus on
demonstrating the feasibility of obtaining quantitative temperature information from the
ultrasound backscatter during heating with a controlled heat source. A tissue mimicking
gel made with polyacrylamide and loaded with plastic microspheres to ensure scattering
was used as the phantom material for this experiment. Pre-gel polyacrylamide solution
prepared using the recipe reported in Lafon et.al. [101] was poured into a custom-made
sample holder (approximately a cube of side 5 cm edges). A nichrome-chromium heating
wire (Omega Engineering Inc., Stamford, CT) with 1.6 Ohm/ft, was pulled taut through
the center of the measurement cell. Four needle T-type thermocouples (Omega
Engineering Inc., Stamford, CT) were carefully inserted into the gel parallel to the
heating wire. The thermocouples were placed at different radial distances from the wire,
ranging from 4-11 mm. The exact distances of the thermocouples from the heating wire
were measured using the HDI 1000 ultrasound scanner operating in B-mode (HDI 1000,
ATL, Bothell, WA). The L11-5 HDI 1000 scanhead was rigidly mounted on the top of
the measurement cell to acquire RF data during heating and cooling.

A DC voltage (supplied by “D” cell alkaline batteries, 4 in series supplying ~6 V)
was connected to the heating element with a relay switch in series to allow the heating
circuit to be turned on and off remotely. The 4 thermocouples were connected to a data
acquisition module (HP 34970, Hewlett Packard Inc., Palo Alto, CA) to store the
temperature readings in digitized form. The master control program, described in Section
2.3 was modified for this experiment. It controlled the operation of the relay switch,

acquisition of temperature readings from the thermocouples using the data acquisition
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module and acquisition of the RF data using the HDI 1000. Such a data acquisition
scheme ensured time-alignment between the invasive thermocouple measurements and
non-invasive ultrasonic temperature estimation. A schematic representation of the

experiment setup is shown in Figure 3.15.
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Figure 3.15 (a) Schematic representation of the hotwire experiment setup for quantitative temperature
estimation. The heating wires and thermocouples are oriented into the page. (b) Side view of experimental
setup

A reference RF data frame was acquired before heating commenced. The relay
switch was closed and the heating circuit was activated. Instantaneously, the data
acquisition module was initialized to begin acquisition of readings from the four
thermocouples. RF data frames were acquired at an interval of 1 frame/sec during the
heating phase. The relay switch was opened after 30 seconds to stop the heating phase.
Acquisition of thermocouple readings continued at the same rate during the cooling phase
while RF data frames were acquired at a slower rate (frame every 20 seconds) for an
additional 2 minutes. The power dissipated in the heating element was constantly
monitored by measuring the voltage and current in the circuit. The total power dissipation
was approximately 15 W. The RF data was post-processed to obtain estimates of
temperature induced strain and mapped to temperature using the independently measured

¢(T) curves.

3.7.1.1. Independent measurement of c(T) curve
For the processing scheme employed in this experiment, it was necessary to obtain

independent estimates of the ¢(7T) curve so that the measured temperature induced strain
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could be mapped via ¢(7T) to temperature. It may be noted that since thermal expansion is
ignored, only the sound speed change contributes to the temperature induced strain.
Starting from an initial temperature of 22°C, sound speed measurements were made using
the sample substitution method [49, 102] for every 10°C rise in temperature. The
experimental setup for the measurement is shown in Figure 3.16. A broadband chirp
pulse (1-10 MHz) of duration 10 ps was applied to one of a pair of PVDF transducers

placed across the sample immersed in a water bath with an electric heater.
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Figure 3.16 Schematic of experiment setup for ¢(T) measurements (Picture courtesy of Lafon et.al., [101])

Thermocouples were placed in the water bath and also embedded in the sample. The
spring loaded assembly attached to the calipers ensured that the acoustic propagation
distance through the sample was accurately measured throughout the experiment. The
signal on the receiving transducer was digitized using an oscilloscope and stored for post-
processing. The measurement setup was controlled remotely using custom software
developed in LabVIEW™ (National Instruments, Austin, TX). At a given temperature, a
measurement was first made in water by placing the transducer pair across the opening

marked ‘reference measurement’ in Figure 3.16. The transducer assembly was then
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placed across the sample and a measurement was taken. The attenuation of the sample
was computed by analyzing the frequency spectra of the signals received in water and the

gel sample using the following equation,

Fy(f)]
F oo ()

where Fi(f) represents the FFT of the signal in the reference measurement; Fgampie(f)

Atn(f) = (3.12)

represents the FFT of the signal in the sample measurement. The attenuation in water is
assumed to be negligible.

By estimating the time shift between the signals received in the reference and
sample, the sound speed of the sample was calculated using the formula,

1
C

Sy (3.13)
7 +c,

where d = width of the sample; ¢, = sound speed in water at the temperature of
measurement (known from reference data); c; = sound speed in sample.

Before making a measurement at a given temperature, care was taken to ensure that
thermal equilibrium was reached by noting the readings of the thermocouples in the water
bath and within the sample. Waveforms acquired during the experiment at a temperature
of 39°C are shown in Figure 3.17. The top panel shows the signal received during the
reference measurement after propagation through water. The bottom panel shows the
signal received after propagation through the sample. The signal received in the phantom
is attenuated and shifted towards the origin. Figure 3.18 shows the ¢(T) curve measured

for this gel phantom sample.
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Figure 3.17 Illustration of typical waveforms acquired at the receiver transducer that are used to compute
the sound speed of the gel phantom sample. The top plot shows the signal received after propagation
through water while the bottom plot shows the signal received after propagation through the gel sample at a
temperature of 39° C. The duration of the transmitted chirp pulse is 10 ps with a frequency sweep from 1 to
10 MHz. Note the time shift between the signals received in water and in the sample and the high
frequency attenuation in the sample signal. The vertical axis represents the signal amplitude normalized to
+ 1. Zero along the x-axis represents an arbitrary time instant along the propagation path between transmit
and received transducers and is synchronized on both plots. The time shift At between the signals is used in
equation (3.13) to compute the sample sound speed.
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Figure 3.18 Sound speed versus temperature curve for polyacrylamide gel phantom used to invert
ultrasound echo shift estimates to temperature

Analysis of the RF data was performed using the algorithm developed in Section 3.5
to compute changes in sound speed. By incorporating the c¢(7) curve information,

temperature maps for the entire experiment were generated. Figure 3.19(a) is a screenshot



66

of the HDI 1000 ultrasound scanner taken shortly after alignment of the heating wire and
thermocouples and shows the relative locations of the thermocouples with respect to the
heating wire. Figure 3.19(b) shows the spatial temperature map at time (t = 19.02
seconds). The maximum temperature of about 32° C is seen at the heating wire location
with a decrease in temperature away from the location of the wire. Of the four
thermocouples situated around the wire, noticeable change (> 0.5°C) was only observed

in thermocouple 1 over the time period that the measurements were taken.
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Figure 3.19 (a) A screenshot of the HDI 1000 ultrasound scanner B-mode image showing locations of
thermocouples and heating wire (b) Temperatures estimated from sound speed change by processing the
RF data incorporating the information from the independently measured ¢(T) curve at t= 19 seconds.

The B-mode image was spatially registered to the temperature maps derived from the
RF data and thermocouple 1 was located on it. The time history of the temperature
variation at that location was generated and is shown in Figure 3.20. The temperature
readings measured using thermocouples is shown in red on the same figure for
comparison. Agreement between the measured values and the non-invasively estimated
temperature values is seen with a typical error of 1°C and a maximum absolute error of
approximately 2.5° C. Absolute errors of this magnitude would be acceptable over the

therapeutic temperature range of interest. Results presented in this section demonstrate
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that quantitative temperature changes can be estimated noninvasively by analysis of the
RF backscatter, The results show promise for extending the technique to obtain
quantitative temperature information—which can be used as a method of monitoring
HIFU therapy.
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Figure 3.20 Comparison of time profiles of temperature at location of thermocouple 1 in Figure 3.19.

3.8. Tracking Changes in Tissue Scattering Properties during HIFU lesion
formation

In this section, a novel signal processing approach based on spectral analysis of the
RF data used to detect changes in scattering properties is described. Lesion formation
during HIFU therapy is accompanied by changes in local tissue acoustic properties,
including increased attenuation due to coagulation [47, 53] and increased backscattering
and non-linear effects due to bubbles [24, 103]. Non-invasive acoustic imaging
techniques capable of detecting these rapidly evolving changes would be useful for
visualizing and monitoring therapy progress. Results from an in vitro experiment in
which the technique was applied on ultrasound RF signals collected during HIFU
exposure is presented in this section. It may be noted that this method, unlike the
techniques discussed earlier in this chapter is not directed at temperature estimation. The
results obtained show promise for employing this technique in providing clinically useful
information directed at monitoring changes in tissue properties during HIFU therapy.
Increased harmonic generation at the HIFU focal region is observed soon after HIFU

therapy commences. In addition, increased attenuation below the lesion location along
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the imaging beam is detected. Tracking the changes in the signature of the ultrasound RF
signal provides improved visualization of HIFU lesion formation and can be used to
extract information about changes in tissue properties. The algorithm is focused on
detecting the changes in properties compared to a reference initial frame and hence the
effect of the ultrasound system response and local tissue in-homogeneities are removed

from consideration in the display.

3.8.1. Description of Algorithm

Mapping to Color Space  Spectral Color
T, T G

4 8 12
Frequency (MHz)

Figure 3.21 Block diagram illustration of algorithm to monitor change in scattering properties. Segments
shown on the RF signal by dotted red line represent (a) characteristic reference spectrum (b) increased
harmonic content generation (e.g. bubbles created during HIFU) (c) effect of increased attenuation. The red
and green dotted lines on the spectrum represent the location of the band edges.

A block diagram representation of the steps involved in this processing scheme is
shown in Figure 3.21. A scanline passing through the HIFU lesion in a RF data frame
was selected by visual inspection of the corresponding B-mode image consistent with the
location of the geometric focus of the HIFU transducer. The chosen scanline was
subdivided into segments 8 mm long with 90% overlap, and the Short Time Fourier
Transform (STFT) employing a cosine taper window was computed to obtain a local

frequency spectrum. Each spectrum was divided into three frequency bands, and the area
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within each band was computed to determine the band energy. The three normalized band
energies were then assigned to the additive color channels - Red, Green and Blue
(R,G,B). The color resulting from these RGB components is referred to as a “spectral
color” and was mapped to the screen as a single pixel that occupied 1/ 10™ the size of the
RF scanline segment due to the 90% overlap. The color mapping is illustrated by the
color wheel shown in Figure 3.21 where the component energies are projected onto the
RGB axes (basis vectors in this space) and the vector sum gives the resultant color shown
by the black dot on the color wheel. Since the goal of this method of display is to
visualize the change in spectral content over time, the reference frame collected before
HIFU therapy commenced was used to normalize the spectrum for each segment. This
was done by dividing the component band energies for each segment by the values at the
same segment location on the reference frame. Thus, the effects of the ultrasound system
response and local tissue in-homogeneities were removed from consideration in the
display. Finally, each pixel was scaled to completely saturate the largest among the
R,G,B channels; thus, if no change in the spectrum is observed, the pixel appears white.
The segments (a), (b) and (c) in Figure 3.21 exhibits different scattering properties. Based
on the choice of location of the band edges, increase in energy in the higher frequencies
(as might be expected in case of harmonic content generation possibly caused by
formation of bubbles) increases the length of the vector projected along the B axis on the
color wheel and thus will force the result to have shades of blue (Figure 3.21, segment
(b)). On the other hand, a decrease in high frequency content (representative of
attenuation) will reduce the length for the vectors projected along the B and G axis

compared to R and the resultant color will be shades of red (Figure 3.21, segment (c)).

3.8.2. Results

The results obtained for this processing scheme are illustrated for the data set
collected in bovine liver tissue (presented in Section 3.6.2 earlier). Figure 3.22(a) shows a
B-mode image with a hyperechogenic spot seen at the lesion location. A scanline passing

through the lesion is shown by the red dotted line. The window length (8 mm) and
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overlap (90 %) for the FFT line segments are marked on the dotted line. Figure 3.22(b)
represents the typical frequency spectrum for a RF line segment indicated by the blue
segment on the red dotted scanline in Figure 3.22(a). The spectrum shows a large number
of nulls and peaks that are related to the statistics of the scatterer distribution within the
particular RF segment. By visual observation of the main peak in the spectrum (around 5
MHz) and the expected location of harmonics, the transition between the red-green band
and the green-blue band was selected to be 5 MHz and 9 MHz respectively. In the current

implementation, the band edges are selected manually by the user.
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Figure 3.22(a) Illustration of typical parameters used in the algorithm. A scanline (red dotted line) passing
through the lesion is selected and the spectrum of overlapping windows with 90% overlap is generated. (b)
Spectrum of typical RF line segment from bovine liver tissue. The spectrum shows significant variability
across the band. The two dotted lines indicate the transition bands Red-Green and Green-Blue.

The final output of the algorithm described in Figure 3.21 is the spectral color image.
Figure 3.23(a) shows the conventional M-mode display for a scan line passing through
the HIFU lesion. The horizontal axis represents time since the start of RF data acquisition
while vertical direction represents depth. Figure 3.23(b) shows the results by applying the
above algorithm and is referred to as the spectral color M-mode display. The “spectral-

color” M-mode display is inspired by the conventional M-mode commonly used in
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ultrasound imaging. The vertical line at the extreme left corresponds to the reference
frame used to normalize the entire image and is white throughout. Thus all colors seen
are interpreted as changes with respect to the reference frame. At a depth of 3 cm
corresponding to the lesion, a bluish cast is observed soon after HIFU therapy
commences suggesting harmonic generation. It is hypothesized that the generation of
harmonics is due to generation of bubbles produced by out gassing as tissue temperature
rises. On the standard M-mode image in Figure 3.23(a), the growth and decay of the
hyperechogenic spot in the focal zone is easily observed, but it appears long after HIFU
therapy commenced and is very short lived. For 1.8 <t < 2.2 s, corresponding to the
hyperechogenic spot appearing on the B-mode image, a purple color is seen on the
“spectral-color” M-mode display resulting from increased backscatter in the fundamental

frequency (red band) and harmonic (blue band) due to bubbles.
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Figure 3.23(a) Standard M-mode display for a scanline passing through the HIFU focal zone (b)
Spectral color M-mode display for the same line. The time scales are not uniform: during HIFU,
the frame rate is about 3 Hz, whereas after HIFU the frame rate is much slower (approx 0.1 Hz) to
visualize the diffusion of heat over a 2 minute period.



72

Below the focal spot in Figure 3.23(b), the spectral M-mode plot turns redder soon
after HIFU therapy commenced. The increased attenuation in the focal spot due to the
temperature rise results in preferential absorption of high frequency content causing
decrease in high frequency backscatter from locations distal to it along the imaging beam
(below the focal spot in the image). The effect of increased attenuation in the focal region
is thus most pronounced in the backscatter from regions below it. The above results
demonstrate potential for the applicability of this qualitative processing scheme for
tracking, monitoring and post-treatment visualization of HIFU-induced lesions for

ultrasound image guided HIFU therapy.

3.9. Summary and Discussion

A signal processing based approach to estimate temperature induced strain from the
raw ultrasound backscatter (RF signal) due to temperature change during HIFU therapy
was developed and presented in this chapter. This approach was used to analyze the raw
ultrasound backscatter data acquired during in vitro experiments in freshly excised
bovine liver tissue and tissue mimicking phantoms. Local acoustic travel time changes
and temperature induced strain derived from the ultrasound backscatter showed
information related to the temperature change during and shortly after HIFU exposure.
These changes were detected before visible changes were evident on synchronized
B-mode images. This technique provides qualitative information about progression of
treatment including better visualization of the spatial extent of the heated zone, location
of the HIFU focus and enables the underlying heat conduction process to be visualized.
However, extracting quantitative temperature information from temperature induced
strain measurements requires explicit knowledge of the relation between travel time
change and temperature. Quantitative temperature information obtained by inverting the
strain data that incorporated independent ¢(7T) measurements compared well with invasive
thermocouple measurements as demonstrated in the hotwire experiment (Section 3.7).

The algorithm in section 3.8 demonstrated the ability to detect changes in tissue
scattering properties by analyzing changes in the spectral content of the RF data. In the

current implementation, the band edges for the sub-bands are set manually by observing
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the location of the center frequency and the expected location of the harmonics. An
automated technique of estimating these band edges would be beneficial. This could be
done adaptively by moving the band edges until the contrast between the fundamental
and harmonic energy bands is maximized. The current technique was applied on a single
A-line passing through the center of the lesion. Extension of the method to generate 2-D
spectral color data would enable better visualization of the treatment region. The
evidence of increased attenuation at the site of the lesion in the spectral M-mode display
could potentially be of significance as a means of determining the endpoint of thermal
therapy. It is however important to confirm whether the attenuation change is as a result
of bubbles forming at the lesion site or due to permanent changes in tissue properties due
to tissue necrosis. To address this problem, Bailey et. al. [24] showed that overpressure
(elevated static pressure) can be used to suppress bubbles in excised tissue. In a related
experiment, they also acquired interleaved RF data during HIFU exposure along with the
application of overpressure in excised turkey breast muscle tissue. Spectral M-mode
images obtained using the spectral analysis technique (Section 3.8) demonstrated that a
hyperechoic region and increased harmonic frequencies appeared at the lesion site in the
RF echoes of all treatments without overpressure and in none with overpressure [103].
Lesions were created in all cases. Attenuation of echoes from tissue beyond the lesion
was pronounced without overpressure. It was concluded that suppression of the bubbles
by overpressure may lead to detection of the permanent change in attenuation solely due
to protein denaturation.

3.10. Motivation for bioheat transfer model-based quantitative temperature

estimation approach for HIFU therapy monitoring

In this chapter, signal processing based approaches to generate maps of travel time
changes (or equivalently temperature induced strain) for extracting temperature related
information from the raw ultrasound backscatter data acquired during HIFU therapy were
reported. Direct inversion of the RF backscatter data to obtain quantitative temperature
information requires explicit knowledge of the relationship between temperature-induced

strain (g) and temperature over the entire temperature range of interest. However, lack of
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sensitivity of sound speed change to temperature near the tissue coagulation threshold
(55-60 degrees Celsius) makes temperature estimation by direct inversion of the
measured travel time shifts a challenging task. A solution to overcoming this problem of
lack of sensitivity is to incorporate information about the underlying heat diffusion into
the temperature estimation technique. The heat diffusion can be represented
mathematically using the bioheat transfer equation [77] parameterized with two
constants, heating rate and the thermal diffusivity (for in vitro experimental conditions
with no perfusion). Such a model-based approach provides two direct advantages
compared to a solely signal processing based method relying on direct mapping of
temperature induced strain (¢) to temperature (7). First, by estimating the bioheat transfer
equation parameters using RF data collected immediately after HIFU therapy is turned
on, only the region of high sensitivity in the &(7) curve is utilized in the parameter
estimation. After the bioheat equation parameters have been estimated, the temperature
field throughout therapy can be computed numerically without requiring knowledge of
g(T). Second, the spatial and temporal constraints imposed by the bioheat equation can be
used to regularize the temperature induced strain estimates. This avoids artifacts in the
temperature maps due to smoothing and false peaks [70] induced by processing the RF
data.

Variability in the &(7) relationship between tissue types and possibly between
patients further complicates the inversion of temperature induced strain. For example, the
sound speed increases as a function of temperature for water-bearing tissues. However,
for fatty tissue, the sound speed actually decreases with temperature. It would therefore
be desirable to have a noninvasive method of estimating this mapping in the treatment
zone for use in clinical situations. Incorporating information about the underlying heat
diffusion process using the bioheat transfer equation enables the noninvasive estimation
of the &(T) relationship. Specifically, the temperature distribution at a calibration point
(within the region of interest for HIFU therapy) can be first computed from the bioheat

equation using independently measured values for thermal diffusivity and heat source.
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The computed temperature distribution at this location can then be compared with the
measured RF data to obtain the ¢(7T) curve.

Thus, it can be seen that a heat transfer model-based temperature estimation
approach can potentially overcome drawbacks associated with the low sensitivity and
high variability of the ¢(7T) curve in the therapeutic temperature range. The rest of this
thesis focuses on the development and implementation of this noninvasive model-based
temperature estimation technique. A detailed description of the technique and
experimental results obtained in tissue mimicking phantoms are described in Chapter 4

and 5. Application of the methods to excised animal tissue is described in Chapter 6.
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4. MODEL-BASED TEMPERATURE ESTIMATION TECHNIQUE
FOR HIFU THERAPY MONITORING: PART I

4.1. Introduction

In this chapter, a noninvasive thermal model-based temperature estimation technique
for HIFU therapy monitoring is introduced. The technique is based on combining the
bioheat equation model with ultrasound backscatter data, measured during HIFU therapy,
to derive quantitative temperature information. The chapter begins with a description of
the bioheat transfer equation and assumptions regarding the parameters, in Section 4.2. In
Section 4.3, a top-level description of the temperature estimation approach is presented.
An integral component of this technique is the noninvasive estimation of thermal and
acoustic parameters using acoustic sensing methods. This is a calibration step and is
performed immediately prior to the therapy in the treatment region. The calibration
procedure is described in Section 4.4. The chapter concludes with a discussion of
experimental results for the calibration procedure performed in tissue mimicking
phantoms. These calibration procedures are then used in Chapter 5 in the temperature

estimation step.

4.2. Bioheat Transfer Equation (BHTE)
The basic law that relates the heat flow and the temperature gradient based on
experimental observation was derived by Joseph Fourier around 1822. The general

differential form of the heat transfer law is,

pC% = Ve(iVT)+ f @.1)
t

where p is the density, C is the specific heat capacity, & is the thermal conductivity, f
represents the distributed heat source term and 7 is the temperature.

In biological media, equation (4.1) cannot be applied directly due to the complexity
and the dynamics of the system. However, f can be expressed as a linear combination of
heat sources and heat sinks. The internally generated heat sources that contribute to f, for

biological media, include those related to metabolism while the cooling processes are
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conduction, advection and convection (also referred to as perfusion in the medical
literature). This formulation specifically adapted for biological systems is referred to as
the bioheat transfer equation [77]. For the in vitro experimental procedures performed in
this study, the contribution of metabolism as a heat source and convection and advection

as heat sinks is ignored [104]. Hence the modified form of the BHTE becomes,

oT
—_ = KVQT + Q[(T,Z) 4.2)

where K is the thermal diffusivity (m%/sec) given by K =k/pC, Q (°C/s) represents the

local in situ heating rate due to ultrasound energy absorption, p is the density (kg/m’), C
is the specific heat (J/kg/°C), I(r,z) is the normalized spatial acoustic intensity distribution
profile, r represents the axis perpendicular to beam propagation (transverse) and z
represents the beam propagation axis (longitudinal). The heating rate Q (°C/s) and the

heat source Q,(W/cm?®) are related by the following equation,

Q,=0pC (4.3)

Within the scope of this dissertation, the following assumptions are made regarding

the parameters of the BHTE:

e The tissue thermal properties i.e. k, p and C are assumed to be spatially and
temporally invariant, and isotropic.

e  The thermal properties remain constant over the therapeutic temperature range.

e a priori knowledge of the normalized spatial beam profile /(r,z) is available. An
experimentally measured beam profile or a simulated profile generated using an
acoustic wave propagation code could be used.

It may be noted that for a HIFU heat source, Q is a lumped quantity that is influenced by
the scattering and attenuation along the beam path, local tissue absorption and non-linear
acoustic propagation effects. In this work, as described in the next section the focus is on
estimating the lumped quantity, and the individual components are not proposed to be

estimated, nor are they necessary to know for our estimation technique.
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4.3. Overview of BHTE model-based temperature estimation approach

Cailbration 1.
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Figure 4.1 Block diagram illustrating model-based temperature estimation approach for monitoring
thermal therapy.

The model-based temperature estimation approach for therapy monitoring is outlined
in Figure 4.1. Essential to the process are the two pre-therapy “calibration” steps that
determine in situ values for BHTE parameters K and Q. These two parameters can be
measured at single points anywhere in the treatment region of interest, and provide the
characterization of local tissue and acoustic path properties necessary for accurate
therapy planning and execution. The estimated parameters are used in the BHTE to
obtain temperature maps at the current location. The temperature estimates are related to
strains estimated from the ultrasound backscatter during the noninvasive calibration
experiment to obtain the &(7) mapping. Once the BHTE parameters have been estimated
at a given location using the calibration experiments, the temperature maps for that
location can be obtained by computing the BHTE directly. It might thus appear that the
estimation of ¢(T) is not required and the ultrasound backscatter information during

monitoring is not needed either. But this is applicable only for locations where the BHTE
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parameter estimates are accurately known, i.e., where the calibration was performed.
Dosimetry studies conducted in our laboratory, that employed scanned transducer
protocols, demonstrated variability in the observed bioeffect even under constant
exposure conditions [105]. The need for monitoring arises because tissue heterogeneities
result in local variation in these parameters. Specifically, in our model, we model the
tissue heterogeneity as variations in the parameter Q. The goal of the monitoring step is
thus to accurately track these changes in Q.

The lower block diagram in Figure 4.1 illustrates the temperature monitoring step.
The parameters estimated in the calibration step, K and ¢(7), are now taken as known.
The initial value of Q is also known. The therapy phase begins by following the planned
experimental protocol and acquiring interleaved RF frames. These data are processed to
compute ¢ and coupled with the BHTE to estimate the unknown heat source Q as a
function of tissue location. As can be clearly seen from the block diagram in Figure 4.1,
accurate knowledge of the &(T) mapping is required to be able to compare the estimated
strain with the predicted strain so that the heat source Q can be adaptively updated. This
information can be used to modify the treatment protocol in real-time to optimize safety
and efficacy while simultaneously minimizing treatment time.

The set of schematics in Figure 4.2 illustrate how the proposed noninvasive model-
based temperature estimation approach can be implemented in a clinical setting for
therapy monitoring. First, the calibration experiments are performed at a single
representative location within the treatment volume to estimate the local acoustic and
thermal parameters of interest (Figure 4.2 a and b). After the calibration experiments
have been completed, the therapy transducer is translated to a new location within the
treatment region and the HIFU therapy session commences (Figure 4.2 ¢). In this chapter,
the estimation of K and Q is described in detail along with results obtained in tissue
mimicking phantoms. The estimation of &7) and the temperature estimation step is

presented in Chapter 5.
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Figure 4.2 Schematics illustrating the experimental protocol for the BHTE model-based noninvasive
temperature estimation approach for HIFU therapy monitoring. First, a noninvasive estimate of thermal
diffusivity (K) is obtained by applying a short HIFU heating pulse and visualizing the cool down period as
illustrated in (a). Following this, an ablative HIFU exposure is performed at the same location to estimate
the heating rate (Q) and temperature dependence of strain &(T) as illustrated in (b). After the calibration
experiments have been completed, therapy is delivered throughout the treatment volume and continually

monitored as illustrated in (c).
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4.4, Calibration experiments

44.1. Estimation of K

44.1.1. Theory
The estimation of thermal diffusivity is based on the principle of thermal clearance

[106], Two criteria must be satisfied to effectively use this principle. The first criterion is
that a spatial temperature gradient must exist. Second, the heat source must approximate
an impulse in both space and time. The sub-millimeter transverse beam widths of the
HIFU beam conveniently satisfies both requirements.

In this estimation approach, a short HIFU heating pulse is applied and the resulting
spatial distribution of temperature is measured. Sub-ablative HIFU intensities are
employed to ensure that the maximum temperature rise is no more than 10-15 degrees.
The orientation of the HIFU transducer, ultrasound imaging probe and the geometric

focus of the HIFU beam is illustrated in Figure 4.3.

Ultrasound Imaging
transducer oriented
with the HIFU axis
in-plane

Geometric focus

*

" HIFU
Transducer

Figure 4.3 Schematic diagram showing the relative orientation of the HIFU transducer, imaging probe and
HIFU beam geometric focus

For an impulse HIFU heating pulse applied at time ¢#=0, the resulting temperature
distribution along the transverse direction r at z=0 after the HIFU pulse has been turned

off follows the Gaussian profile [106] and can be mathematically represented as,
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[T
T(r,)-T,=AT(r,t) =T () e ", 4.4)

where[R(1)]? =4K(t+ ) 4.5)

In equation (4.4) and (4.5), T(r,t) is the temperature distribution at distance r and
time ¢t after the heating pulse was turned off, T, (°C) represents the maximum
temperature rise at time ¢, Ty is the initial ambient temperature (typically 37°C), R(t) (m?)
is the Gaussian radius, K (m?/s) is the thermal diffusivity and S (s) represents the
diffusion time constant.

Previously, it has been demonstrated [70, 75, 107] that in biological media the
temperature-induced strain (¢), directly measured from the ultrasound radio-frequency
(RF) backscatter for temperature rises in the range of 10-15 °C above ambient
temperature, is directly proportional to the induced temperature change (AT(r,t)), i.e.,

AT(r,t) = o g(r,t) 4.6)
where a is a scalar constant.
From (4.4) and (4.6), we get,

-
e(r,t)=¢_, (e *® 4.7

where €. = a Ty

Integrating (4.7) along r, the cumulative shift in the ultrasound RF echo locations

s(r,t) along the imaging beam has the form of the error function (erf(x)),

u=r u

u=r | &
s(r,t) = je(u,t)du =A_, (1) _[ e * dy 4.8)

U=—o0 U=—o0

where Anqx(t) 1s the peak displacement at time ¢. From equation (4.8), it can be seen that
the parameter R(?) can be measured from the Gaussian width of s(r,¢) profiles for all

times ¢. Differentiating equation (4.5) with respect to ¢, we get,



83

d(R(I)
dt

Equation (4.9) shows that by computing the rate of change of [R( 1))? versus ¢, the

=4K (4.9)

thermal diffusivity (K) can be estimated. The estimation procedure is noninvasive, and
does not depend on the constant a which relates temperature to induced strain. As long as
the Signal-to-Noise ratio is high, the value of o does not affect the result. It may be noted
from equation (4.8) that errors introduced in the estimation of s(r,t) will affect the
estimated R(¢) and consequently the thermal diffusivity K. The estimated value of K is

used as a “known” quantity in the subsequent estimate of the local heating rate Q

described in section 4.4 .2.

4.4.1.2. Methodology for estimation of K from ultrasound backscatter
Blue : RF line acquired hefore heating ; Red : RF line acquired during cooldown
HIFU focus
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Figure 4.4 Flowchart of iterative minimization based technique to estimate Ay,qy and R based on equation
(4.8)

In this research, a novel parametric estimation approach has been developed to

estimate strain using RF backscatter data collected during the HIFU experiment.
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Equation (4.8) illustrates that the echo location shifts s(r,z) can be represented by a closed
functional form and parameterized in terms of A, and R. A schematic representation of
the estimation technique is presented in Figure 4.4. Techniques for estimation of
temperature-induced ultrasound echo location shifts s(r,z) between RF data frames have
been previously reported [70, 72, 73]. However, the methods reported by those authors
do not incorporate knowledge of the underlying physical heat diffusion mechanism in the
estimation procedure. The approach presented here allows direct estimation of thermal
parameters by iteratively relating the temperature change induced shift in the RF signals
with a (physics based) mathematical model describing the thermal diffusion process.

The steps in the algorithm to compute R(z) between a pair of RF A-lines passing
through the heated region, one acquired before heating commenced (t=t;) and one during
cool down (t=t.,,;), are outlined below:

1. s(r,t) is mathematically modeled as in equation (4.8) with unknown parameters
Amax and R at a particular time ¢. Ay, and R are set to reasonable initial guess
values.

2. The RF line acquired at t=t.,, is temporally shifted by the magnitude of s(r,z)

with values of A, and R set in step 1.

3. The shifted RF A-line acquired at r=t.,,; (from step 2) and RF A-line acquired at
t=ty are both segmented into N non-overlapping segments, and the normalized
zero-lag correlation coefficient for each segment i is computed using equation

(4.10). A fixed value of N is chosen. For a 1 cm RF line segment, a typical value

of N used is 20.
=m . N
z RFpreheat(J’ l) * RFt=tD (]’l)
0, =7 /= = (4.10)
[RFpreheat(j’ l)]z * z [RE=,O (], l)]2
j=t j=1
i=N
4. Error function err =) (1-0;)”is then computed.

LR

5. The parameters A, and R are updated to minimize err
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6. Steps 2, 3, 4 and 5 are repeated until err< (specified tolerance).

The values of Apux and R obtained after convergence are the “best fit” parameters.
Typical plots of the zero-lag cross-correlation before and after convergence are shown in
the bottom panel of Figure 4.4. At iteration 0, before any processing is applied, the zero-
lag correlation drops significantly below unity beyond the HIFU focus due to the echo
shifts caused by the temperature change. After convergence, the correlation coefficient
uniformly improves to unity throughout the depth direction.

This procedure is repeated for all the RF frames collected during the cool down
phase (after HIFU has been turned off) to obtain R(¢) for each frame. The estimated
values of R(1) are then fitted to a straight line to obtain the local thermal diffusivity K,
which is the thermal parameter of interest. The optimization algorithm was implemented
using the MATLAB (The Mathworks Inc., Natick, MA) function fminsearch, which is
based on the Nelder-Mead Simplex search technique [108]. Other optimization
techniques such as the Levenberg-Marquardt algorithm [109] could also be employed.
The simplex method belongs to the class of direct search optimization methods, and was
preferred since it relies only on the evaluation of the minimization function. The
Levenberg-Marquardt technique, on the other hand, also requires the Jacobian matrix at
each iteration and it has to be provided as an analytical expression or calculated using

finite differences.

4.4.1.3. Experiments
Experiments to validate the thermal diffusivity estimation algorithm were performed

in a tissue mimicking phantom made of alginate based hydrogel containing 95% water by
weight. The phantom was prepared by dissolving 16 gm of Jeltrate Dental Impression
Material (Dentsply Caulk Inc., Milford, DE) in 300 ml water while stirring continuously
to ensure a homogenous mix. The solution was degassed under vacuum and allowed to
settle for 20 minutes in specially designed sample holders of size 5x5x6.5 cm in which
the solution solidified. The sound speed and acoustic attenuation of the phantom at 25 °C

measured using the sample replacement technique [49, 110] was 1483 m/s and 0.35
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dB/cm/MHz respectively. The schematic diagram of the experimental setup is shown in

Figure 4.5.
Signal
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Figure 4.5 Schematic of experimental setup for noninvasive K estimation. The setup is similar to that
shown in Figure 2.8. The stethoscope and microphone assembly are used for Q estimation described in
Section 4.4.2.

A 5 MHz single element HIFU therapy transducer (SU-104, Sonic Concepts,
Woodinville, WA) with an aperture diameter of 16 mm and a focal depth of 35 mm was
utilized for delivering the HIFU heating pulse. The HIFU transducer was rigidly attached
to a 3-D translation stage. The driving electronics for the HIFU transducer consisted of a
signal generator (HP 33120, Hewlett Packard, Palo Alto, CA) driving a power amplifier
(A150, ENI, Rochester, NY). The imaging probe used was the ATL CL10-5 (Philips
Medical Systems, Bothell, WA) with a bandwidth of 5 to 10 MHz. Vertical alignment
pins affixed to the base of the sample holder (Figure 4.5) were used to co-register the
HIFU beam propagation plane with the imaging plane. Specifically, before the
experiment commenced, the HIFU transducer was operated in pulse-echo mode and
translated using the motion stage until the received echo amplitude from the proximal
alignment pin was maximum thereby ensuring that the pins were in the HIFU focal plane.
The imaging transducer was mounted on the sample holder such that alignment pins were
visible on B-mode images as vertical straight lines thus confirming that the imaging plane
intersected the HIFU focal zone. RF data frames time-synchronized with the HIFU

therapy delivery generation circuitry were acquired using an ATL HDI 1000 ultrasound
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scanner during the brief HIFU heating phase lasting 5 seconds and cool down phase
lasting 20 seconds. The RF data frames were acquired at a frame rate of 1 frame per
second. A personal computer running a software program developed in Labview™
(National Instruments, Austin, TX) controlled the operation of the entire system [91,
111]. The RF data were transferred to the PC at the end of the experiment for offline data
analysis. HIFU acoustic intensities were chosen such that the maximum temperature rise
induced was approximately 10 °C. The RF data sets were analyzed using the algorithm
described in 4.4.1.2 to compute R(t) and a least square fitting was performed to estimate
the thermal diffusivity K using equation (4.9). The estimation procedure was tested on 5
phantom samples prepared using the same recipe.

The thermal diffusivity (K) was also independently measured for the phantom
samples using the transient hot-wire technique [112, 113], a standard method reported in
the heat transfer literature for measuring the thermal properties of solids. The estimates
obtained by this method were compared with those obtained using the noninvasive
ultrasound-based estimation procedure. A schematic representation of the transient hot-
wire experiment setup is shown in Figure 4.6. The setup is similar to that used in the
preliminary quantitative temperature estimation experiment reported in section 3.6.1
except that the alginate phantom was used in these experiments and the wire was heated
by connecting it to a programmable switching power supply (PSP-2010, Goodwill Instek
Ltd, Chino, CA) instead of D-type alkaline batteries.
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Figure 4.6 Schematic of experimental setup for transient hot-wire technique

A nickel-chromium (Ni-Cr) heating wire was pulled taut through the center of the
phantom sample placed in a custom designed aluminum holder of dimensions 5 cm x 5
cm x 6.5 cm. Three 0.2-mm diameter, T-type, thermocouples with copper-constantan
junctions (HYPO-33-1-T-G-60-SMPW-M, Omega Engineering Inc., Stamford, CT) were
inserted into the phantom (after it has polymerized) under ultrasound B-mode guidance to
ensure that the thermocouple stayed parallel to the heating wire along its length. An
alternate approach would be to mount the thermocouples and heating wire in place in the
sample holder, and then pour the alginate solution. However, with our approach, the
hardened sample (after polymerization) provided support to hold the wires in place as
they were inserted parallel to the heating wire. The thermocouples were placed at
different radial distances from the wire, ranging from 2 to 5 mm. The distances from the
tip of the thermocouples to the heating wire were measured using the distance
measurement feature on a clinical ultrasound scanner (HDI 1000; Philips/ATL, Bothell,
WA). The resolution of these distance measurements is 0.1 mm. The programmable DC
power supply was connected to the heating wire with a relay switch in series to turn the

heating circuit on and off remotely.
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Figure 4.7 B-mode image along a cross-section illustrating the experimental setup for the transient hotwire
method. The nichrome wire and the three thermocouples can be seen in the image. Observe the sidelobe
artifacts from the wire at locations marked with the solid white arrow.

The thermocouple terminals were connected to a data acquisition module (HP 34970,
Hewlett Packard Inc., Palo Alto, CA) to store the temperature readings in digitized form.
A software-based control program developed in LabVIEW™ (National Instruments,
Austin, TX) controlled the delivery of electrical power to the heating wire and the
thermocouple data acquisition. The voltage drop and current through the wire, monitored
with a multimeter throughout the experiment, was 2 V and 7 A respectively. The total
heating time was 90 seconds and thermocouple data was acquired at a frame rate of 1 Hz
throughout this interval. The maximum temperature rise was no greater than 10-15 °C to
prevent irreversible changes to the sample under test. The experiments were performed in
4 samples prepared using the same recipe with 3 data sets acquired in each sample.

The spatiotemporal temperature distribution radially outward from the heating wire

for the hotwire setup is described by the following equations [112],

2

T(r,)= — A Ei(—%) 411
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where A= L, Ei(—x)=—je——du 4.12)
4k Tu

where g represents the power (W) delivered per unit length of the wire, k represents the
thermal conductivity (W/m/°C), K is the thermal diffusivity (m*/s), r represents the radial
distance away from the wire (m) and ¢ represents the time (s) after heating commenced.
This equation assumes that the heat source is infinitely long with negligible diameter and
is surrounded by an infinite solid. The exponential integral, Ei(x) in Equation (4.11) was
evaluated using the built-in function “expint” in MATLAB (The Mathworks Inc, Natick,
MA). The thermocouple data was fitted to equation (4.11) and the thermal diffusivity K

was estimated.

4.4.14. Experimental results
Figure 4.8 illustrates simulated s(r,¢) and ¢(r,t) profiles at various times after the

HIFU heating pulse has been turned off for a RF data set acquired in the alginate
phantom. The HIFU focus is located at depth of 0.021 m. g(r,¢) follows the Gaussian
shape given by equation (4.7) and s(r,¢) has the form of a “erf” function. It can be clearly
seen that the radius R increases while the amplitude decreases, as time progresses after
HIFU therapy was turned off. This is consistent with the temperature induced echo-shift
model represented by equation (4.8). Figure 4.9 illustrates the zero-lag cross-correlation
o; as a function of depth. At iteration O of the iterative algorithm, the zero lag cross-
correlation is consistently below unity around the HIFU focus and also distal to it due to
the echo shifts induced by the temperature change. After final convergence of the
iterative strain estimation procedure, o; is uniformly close to unity along depth thus giving

confidence in the model used to shift the post-heated RF lines.
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Figure 4.8(a) s(r,t) and (b) &(r,t) at times t=1 s through 15 s (after HIFU heating pulse was turned off) at
intervals of 2 seconds for an A-line passing through center of HIFU focal region. The HIFU focus is
located at a depth of 0.021 m along the horizontal axis.
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Figure 4.9 Zero-lag cross-correlation o, versus depth at iteration 0 (o) and at final convergence (0) of the
BHTE model-based strain estimation algorithm (Section 4.4.1.2) for a pair of RF A-lines, one acquired
before heating and the other acquired 1 s after the HIFU exposure was turned off. The HIFU focus is
located at a depth of 0.021 m along the horizontal axis.
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Figure 4.10 Plot of Gaussian radius R(t)’ versus time ¢ estimated from a RF data set acquired in the
alginate phantom. The straight line represents a least squares linear fit to the data points and the slope is
directly related to the thermal diffusivity.

The estimated [R( 1)) values are plotted as a function of time ¢ in Figure 4.10 and a
least squares linear fit to the data points based on equation (4.5) is shown. Note the good
agreement (r=0.96) of the data with the straight line model. K calculated using equation
(4.9) was 1.72x107 m?%s for this phantom sample. The mean estimate of K obtained

noninvasively for the 5 phantom samples analyzed was (1.7+0.07) x 10" m%s.
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Figure 4.11(a) Temperature profiles measured using thermocouples placed around the nichrome heating
wire in the transient hotwire experiment. The analytical fit to the data is also shown. The heating was
turned off at t=90 s (b) Error residuals (in degrees Celsius) between the experimental and analytical model
fit in (a). Note the vertical axis limits.

Figure 4.11(a) represents the typical thermocouple profiles obtained during the
transient hotwire experiments along with the analytical fit using equation (4.11). Figure
4.11(b) shows the residual error in the fit. The mean value of K estimated using this
technique in 4 samples was (1.44+0.2) x 107 m¥s. Comparing this value with the
noninvasive estimate (mean=1.7+0.07x 107 m?%s) derived using the ultrasound based
technique, a difference of approximately 15% is seen. A major source of uncertainty in
the hotwire method is the exact knowledge of distance between the thermocouples and
the heating wire and orientation of the thermocouples. Since /4K appears as a lumped
term in equation (4.11), any errors in the measured distance impacts the estimated
diffusivity. For example, an error of 0.2 mm in the measured location of a thermocouple
placed 2 mm from the wire results in an error of 20% in the estimated diffusivity. In
addition, the mathematical equation (4.11) used to fit the thermocouple temperature
distribution is based on a set of assumptions. It is assumed that the heating wire is an
infinitely long line heat source. In addition, it is assumed that the thermal resistance
between the heating wire and the sample at the outer edge of the wire is negligible and
that the specific heat capacity of the wire is also negligible [114]. However, in the

practical experimental setup employed, a heating wire of finite length was used. As a
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result, closer to the walls of the sample holder along the length of the wire, the
temperature distribution would not be radial. A thermal insulation layer between the outer
boundary of the wire and the sample possibly due to the creation of air cavities could
introduce significant thermal resistance thereby reducing the rate at which the heat front
propagates radially outward towards the thermocouples from the heating wire. This
influences the thermal diffusivity estimate. The finite heat capacity of the heating wire
implies that a finite time is required to first heat the wire, only after which the
temperature rises in the sample, resulting in a slower rate of temperature rise at the
thermocouples. This is not accounted for by equation (4.11) and hence would also bias

the diffusivity estimate.

4.4.1.5. Simulations
To validate the ultrasound RF-based technique for the noninvasive estimation of K,

simulation experiments were performed by generating RF A-lines during a HIFU heating
experiment and applying the iterative estimation technique described in section 4.4.1.2.
The procedure outlined by Miller and Bamber [72] was followed to simulate the effect of
temperature on backscattered RF data. A detailed illustration of the various steps is
provided in Appendix A and described in brief here. A random scatterer distribution was
first generated with Gaussian distributed amplitudes while the spacing between the
scatterers was derived from a uniform distribution. Twenty scatterers per wavelength
were generated to guarantee fully developed speckle. The temperature distribution due to
ultrasonic absorption of HIFU energy over a 3 cm x 2 cm 2-D region around the HIFU
focus was computed using an axisymmetric finite element representation of the bioheat
equation (Equation (4.1)) implemented in FEMLAB™ (Comsol AG, Stockholm,
Sweden). A single element transducer with a geometric focal length of 35 mm and active
diameter of 16 mm operating at 5 MHz was used as the HIFU therapy device. The
normalized beam profile of the transducer simulated under linear acoustic conditions was
used to represent the spatial distribution of the heat source. The HIFU therapy ON time
was 5 s while the cool down phase was visualized for 15 s. The simulation parameters are

listed in Table 1. The HIFU exposure intensity was chosen such that the maximum
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temperature reached after heating was not greater than 15 °C above ambient temperature
(37 °C). The temperature maps were converted to equivalent sound speed profiles using
the mapping in Figure 3.2 [49] for liver tissue which is a primary tissue of interest [115]
for HIFU treatment applications. The sound speed profiles along the imaging beam were
mapped to apparent displacements and the new locations of the random scatterers were
computed. For the ultrasound transmit system, the center frequency was 8 MHz with a
fractional bandwidth of 60%. The transmit pulse was convolved with the scatterer profile
to generate the RF A-lines. The SNR of the simulated RF signals was set to 20 dB by
adding white noise to represent realistic situations. RF frames were generated at a frame
rate of 1 frame per second during the entire experiment. Fifty realizations of the
simulations were performed to compute first and second order statistics. For the
estimation of K, signal analysis was performed along an RF A-line passing through the
center of the HIFU focal zone (Figure 4.1). The echo location shifts s(r,z) and the
Gaussian radius R(z) were computed for each frame acquired during the cool down phase
using the algorithm presented in section 4.4.1.2, and the thermal diffusivity was

estimated.
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Table 4.1 Acoustic and Thermal parameters used to generate simulated RF
lines for validation of ultrasound-based thermal diffusivity K estimation

algorithm
Parameter Value
Center Frequency (MHz) 8 MHz, 60% bandwidth
Scatterer Density 20 per wavelength
Sound speed (m/s) 1540
Ultrasonic SNR (dB) 20
Sampling Rate (MHz) 32
HIFU ON time (s) 5
HIFU Frequency (MHz) 5
Initial Temperature (°C) 25
Thermal Conductivity (W/m/°C) 0.7
Heat Capacity (J/kg/°C) 4180
Density (kg/m’) 1000
HIFU transducer geometry Focal length =35 mm
Aperture = 16 mm
In situ Acoustic Intensity ( W/em?) 100
Attenuation (dB/cm/MHz) 0.7

The results of the simulations over 50 realizations of random scatterer distributions
are plotted in Figure 4.12. The vertical axis represents the ratio of the estimated value of
the thermal diffusivity, obtained by applying the ultrasound-based technique, to the true
value input into the simulations. The mean value was 0.994 with a standard deviation of
0.089. The mean error between the true value and the estimated result was 0.6%. These
results demonstrate good agreement between the true thermal diffusivity value input into
the simulations and the noninvasively estimated values, and validate the performance of

the estimation algorithm developed.
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Figure 4.12 Plot of the ratio between estimated thermal diffusivity and true value input into the simulation
over 50 iterations. The ideal value is unity as shown by the red dotted line.

4.4.2. Estimation of Q

4.4.2.1. Methodology
In this section, a novel noninvasive approach of estimating the local in sifu heating

rate Q at the HIFU focus is described. The methodology is motivated by the fact that,
typically in HIFU treatments, focal heating rates on the order of 10 °C or more per second
are commonly observed [3, 20] and temperatures nearing boiling (100°C at atmospheric
pressure) [116-118] have been reported. From equation (4.2), it can be observed that by
measuring the rate of temperature rise at the therapeutic focus from ambient temperature
to boiling (term on left side in equation (4.2)) and accounting for the thermal conduction
loss(first term on right side), the heating rate (Q) due to ultrasonic absorption can be
estimated for a known spatial HIFU beam profile I(r,z). In this work, I(r,z) is computed a
priori for the experimental HIFU transducer configuration, using a linear acoustic wave

propagation tool, and is a constant throughout the procedure. Figure 4.13 illustrates a
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typical representative plot of the temperature evolution at the geometric focus of a HIFU

transducer.
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Figure 4.13 Simulated temperature profile at the geometric focus of a HIFU transducer during heating. The
horizontal axis represents the time after heating commences. ¢, , is the time (in seconds) to increase the

temperature from ambient to boiling (assumed to be 100°C for aqueous media). ¢, , is measured
experimentally during the HIFU exposure.

For a given known transducer geometry and spatial intensity beam profile, the time
tyoi equired to raise the temperature of the tissue sample from ambient temperature to its
boiling point (here assumed to be 100°C for aqueous media) is noninvasively detected
using a passive acoustic sensor, sensitive to characteristic acoustic emissions (crackling
and popping sounds related to the violent bursting of bubbles) that accompanies boiling.
These emissions occur in the audible frequency range (upto 20 KHz). To the best of the
author’s knowledge, this is the first report of the development of a noninvasive technique
to quantitatively estimate the in sifu heating rate in biological tissue, by measuring the
time of onset of boiling. In the approach developed in this thesis, starting with an initial
guess value for Q, and using the value of K estimated using the method described in
4.4.1, T(r,z,t) is computed iteratively using a finite element implementation of equation
(4.2) to find the best estimate Q such that T(r=0, z=0, t=ty,y) = 100°C. Here, (r, z)=(0,0)
represents the peak of the HIFU focal spot as shown in Figure 4.1.
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For independent validation of the estimated in sifu heating rate, the in situ heat
source was also calculated using equation (4.13) derived from HIFU parameters for linear
acoustic propagation in an attenuating medium [22, 119] as,

0., =2af I,e **™ wicm® (4.13)
where a is the acoustic attenuation coefficient (Np/cr/MHz), Isp is the normalized spatial
peak temporal average intensity (W/em?), f is the HIFU frequency (MHz), and x
represents the beam propagation distance (cm). Experimentally measured values for a
and [y, were used in the calculation in equation (4.13). It was assumed that the absorption
coefficient was equal to the attenuation coefficient and losses due to scattering were
negligible [120, 121].

Ispin equation (4.13) was obtained using the following equation [122, 123],

I,=181,

0.683-W -7 (4.14)
m-d*

where Is4; represents the spatial average intensity (linear) (W/cm®), W represents the

where I, =

electrical power input to the transducer (Watts), d represents the full width half maximum
(FWHM) of the transducer measured from the acoustic pressure profile (cm) and n
represents the electro-acoustic efficiency of the HIFU transducer. The parameters W, d
and 7 were measured during independent calibration experiments performed before the
HIFU therapy experiments and are reported in section 4.4.2.2.

For comparison between Q. from equation (4.13) and noninvasively estimated
heating rate (Q) in the same units (W/em?®), O was multiplied by the product of density
(p) and specific heat (C) to obtain Q; as in equation (4.3). In practice, it is not necessary
to have independent knowledge of Qy, p and C. Only the lumped parameter O appears in
the BHTE of equation (4.2). The estimation procedure is completely noninvasive and

only requires measuring #;,; experimentally.

4.4.2.2. Experiments
A set of experiments were performed in alginate-based phantoms to assess the utility

of the noninvasive technique for estimation of Q by measuring f,;. A commercially
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available stethoscope was used as a passive sensor to detect acoustic emissions in the
audible frequency range (up to a few KHz) that are characteristic of the onset of boiling.
The diaphragm of the stethoscope was attached to a microphone (Figure 4.14) and placed
against the alginate sample on the far side from the HIFU transducer as shown in Figure
4.5. The microphone output was sampled using the sound card on the PC at 44.1 KHz
and stored for offline processing. The total HIFU ON time was approximately 50 seconds
with brief interruption of the HIFU delivery (for 100 ms) every 0.5 s to enable acquisition
of interference free B-mode images. The experiments were performed at in sifu
intensities (Isar) of 406 W/cm? and 523 W/cm?. For each HIFU intensity, exposures were
performed at five different spatial locations in a given sample by translating the HIFU
transducer along Y and Z directions (Figure 4.5) using the 3-D motion stage. The
treatment locations were separated by at least 1 cm to avoid influence from sites already
treated. For each of the exposures, the HIFU beam propagation was entirely within the

sample. Bulk sound speed and attenuation were measured for each of the samples.

ml\crophone
stethoscope

Figure 4.14 Photograph of diaphragm of stethoscope and microphone assembly used for boiling detection.

Prior to the HIFU experiments, the operating characteristics of the HIFU transducer
were measured and recorded. The acoustic pressure field of the HIFU transducer was
mapped with a needle hydrophone (Specialty Engineering Associates, San Jose, CA)
having an active element of 0.15 mm in diameter, and mounted on a 3-D motion stage.
For this measurement, the HIFU transducer and the hydrophone were immersed in a

water tank containing degassed water. The hydrophone scanned the region around the
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focal plane of the HIFU transducer along the longitudinal and transverse directions. The
transducer under test was driven by a function generator (HP 33120, Hewlett Packard,
Palo Alto, CA) with a maximum peak output voltage of 10 V. The hydrophone output
was routed through a pre-amplifier to an oscilloscope (LC9304AM, Lecroy Corp, NY). A
Labview™ program recorded the peak-to-peak voltage output of the hydrophone over 50
timebase sweeps of the oscilloscope at each spatial location and also controlled the
motion of the 3-D stage. 1-D beam profiles were first obtained transverse to (along r at
z=0 in Figure 4.3) and then along the beam propagation axis (along z at r=0). 2-D maps
were also obtained by scanning the transducer in the vertical plane along the beam
propagation axis (r=0) and also transverse to it (z=0). The experimentally measured 2-D
normalized pressure distribution is shown in Figure 4.15. The 1-D transverse beam
profile through the center of the focal region is shown in Figure 4.16. The full width half
maximum (FWHM) distance (d) was calculated from the plots to be approximately 0.91
mm. The electro-acoustic efficiency of the HIFU transducer was measured using a
radiation force balance setup. The measurement procedure has been extensively reported
in the literature [124]. The plot of output acoustic power versus input electrical power
(W) is shown in Figure 4.16. The electro-acoustic efficiency (#) estimated from the slope

of this graph was 72.2 %.
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Figure 4.15 Normalized experimentally measured 2-D acoustic pressure profile of HIFU transducer. Zero

along the horizontal and vertical axis represents an arbitrary point near the geometric focus of the
transducer.
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Figure 4.16 Normalized 1-D transverse profile of acoustic pressure distribution for the HIFU transducer.
The full-width half maximum (FWHM) is the distance between the two vertical dotted lines in the figure.
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Figure 4.17 Plot showing relation between input electrical power and output acoustic power for the HIFU
transducer used in the experiments for noninvasive estimation of Q. The straight line represents a least
square fit to the experiment data values.

4.4.2.3. Results
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Figure 4.18 Time domain output of stethoscope recorded during a HIFU exposure lasting 50 seconds. The
white arrow on the figure represents the onset of boiling.

Figure 4.18 shows a typical time domain output of the stethoscope recorded during
the HIFU exposure. At approximately =10 s after the HIFU is turned on, a marked
increase in the amplitude of the stethoscope output signal due to acoustic emissions
associated with the formation, and collapse of bubbles related to boiling is seen. The

periodic spikes every 2 seconds throughout the HIFU exposure are consistent with the
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HIFU beam turned OFF and then ON after 100 ms to capture RF data frames. This is
likely due to an acoustic radiation force induced emission. The frequency domain
representation (spectrogram) of the 700 Hz high-pass filtered time domain signal,
computed using the short time Fourier transform (STFT) is shown in Figure 4.19(b). The
occurrence of strong broad band signatures starting at t=30 s, extending in frequency up
to 1.5 KHz, corresponds to the onset of boiling. The power computed from the spectrum
of Figure 4.19(b) by summing along the vertical axis at each time instant is illustrated in
Figure 4.19(c). The sharp increase in the power at the onset of boiling is clearly seen at

t=10 s. This information can be used in an automated boiling detector to determine ;.
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Figure 4.19(a) Typical time domain output of stethoscope recorded during a HIFU exposure lasting
approximately 50 seconds as in Figure 4.18. (b) Spectrogram of the time domain signal shown in (a)
computed using the Short Time Fourier Transform (STFT). White arrow indicates the onset of broad band
signatures corresponding to boiling (c) Instantaneous Power as function of time. The marked increase at
t=10 s represents the onset of boiling
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Figure 4.20 shows the estimated boiling onset times for five independent exposures
at two in situ HIFU intensities of 406+80 W/cm® and 523x104 W/cm®. Good
reproducibility in the boiling times for each of these intensities is observed in this
homogenous phantom sample. From the experimentally measured boiling times, Q;
(W/cm®) was estimated using the procedure described in Section 4.4.2.1. In Table 4.2, the
noninvasive estimate of the heat source, along with the calculated value obtained using
equation (4.13), is presented. A maximum difference of 20 percent is seen between O
and Q. with the calculated value higher at both intensities. This could be explained by
the similar range of uncertainty in ., since it is dependent on the experimentally
measured bulk acoustic attenuation of the sample and the measured transducer
characteristics such as input electric power, electro-acoustic conversion efficiency and
the transducer beam profile. The standard deviation in the Q.4 estimates reported in Table

4.2 were calculated using (4.13), for a 5% uncertainty in these experimentally measured

parameters.
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Figure 4.20 Noninvasively detected boiling times for five exposures at two HIFU intensities in the alginate
phantom
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Table 4.2 Comparison between noninvasively estimated in situ heat source (Q;) and calculated heat
source (Qca)

Intensity Estimated Calculated % Difference between
Usar) | In-sie Q (Wiem3)  |In-sire Q (W/em3) means
(W/em?) (Os) (Qca)) (Qeai-Qs)x100/Qcal
406+80 292+2.6 325.8+58.5 10.5
523+104 308.7+3.7 389.7£70.2 20.8

4.5. Summary and Discussion

Novel noninvasive acoustic methods of estimating the in situ local thermal
diffusivity (K) and the in situ heating rate were reported in this chapter. To the best of the
author’s knowledge, this is the first report of the use of noninvasive acoustical techniques
for the estimation of local tissue thermal properties. In the analysis presented in this
chapter, the medium was considered to be spatially homogenous and isotropic. In
heterogeneous media, spatial variations in the thermal properties can be expected. To
account for these spatial variations, measurements of K and Q at a number of spatial
locations within the region of interest can be repeated, and a spatial map of the thermal
properties could be constructed. The methods are designed so that the same transducer
used for delivering the therapy dose could be used to determine the thermal parameters
noninvasively. The estimation techniques were applied to homogenous tissue mimicking
phantoms to demonstrate the proof of principle. These techniques were then applied to
biological tissue and these results are presented in Chapter 6.

For the estimation of K, the first criterion is that a spatial temperature gradient must
exist. Second, the heat source must approximate an impulse in both space and time. The
sub-millimeter transverse beam widths of the HIFU beam conveniently satisfies both
requirements. In our experiment setup, the imaging scanlines are oriented transverse to
the HIFU beam. It is advantageous to image the temperature evolution in this direction
since the thermal gradients are greater and hence greater sensitivity exists in the

ultrasound backscatter data to thermal diffusion.
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Simulation results demonstrated that under realistic signal-to-noise conditions, K can
be estimated with a variation of less than 10% using the estimator developed. The
estimates of K independently obtained using the invasive transient hot-wire method and
the noninvasive method showed a difference of approximately 15%. A major source of
uncertainty in the hotwire method is the distance between the thermocouples and the
heating wire and orientation of the thermocouples. In addition, as described earlier in
section 4.4.1, equation (4.11) includes a number of assumptions regarding the geometry
of the heat source and sample, thermal properties of the heating wire, and heat transfer
between the heating wire and the sample being tested. Based on a detailed error analysis
incorporating model errors and experimental measurement errors, Hammerschmidt [114]
showed that the expected uncertainty in the thermal diffusivity can on the order of 30%.
Moreover, in this study, the signal processing parameters such as RF data sampling rate,
cross-correlation window length (N in equation (4.10)) and thresholds in the optimization
routines were manually selected based on a priori knowledge and published literature
values for similar signal analysis. A detailed error analysis would be necessary in a future
study to understand how choice of these parameters affects the s(r,¢) estimates and
consequently K. Nevertheless, the results of this study clearly demonstrate that the local
thermal diffusivity can be noninvasively estimated from the RF data acquired during brief
HIFU exposures at sub-ablative intensities.

An A-line based RF processing scheme was adopted in this paper to estimate K with
imaging transducer oriented parallel to the HIFU beam propagation direction, and the
imaging beam propagation direction perpendicular to the HIFU beam propagation axis.
A-lines passing through the center of the HIFU focal region were used in the analysis.
This is consistent with the orientation recommended by Simon and Ebbini [70] to
minimize the acoustic thermal lens effect (decorrelation in the RF signal due to refraction
and refocusing of the US beam during heating) because the thermal gradients within the
imaging beam width are smaller at the center of the HIFU focal zone as compared to its
edges. Extension of the A-line (1-D) based approach to a 2-D estimation technique

performed over multiple adjacent scan lines in the heated region might benefit from
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incorporating the thermal lens effect in an appropriate numerical model [125] to
minimize model inconsistencies.

The estimation of the heating rate Q was based on first experimentally measuring the
time required to raise the temperature of the focal point from ambient to boiling (assumed
to be 100°C in aqueous media), and then applying the BHTE iteratively to compute the
heating rate. The time series output of the stethoscope and the corresponding power
spectrum in Figure 4.18 illustrates that the f;,4 can be clearly detected. The boiling times
measured within a given sample showed good reproducibility for both levels of acoustic
intensities. This is consistent with the fact that the samples are prepared to be spatially
homogeneous. Qs obtained using the noninvasive technique and Q. (equation (4.13))
shows a maximum difference of 20 percent with the calculated value higher than the
estimated in both cases. This difference is on the order of the uncertainties observed in
the measured values of attenuation (a) and spatial peak intensity (/sp) in equation (4.13).
Uncertainties in Isp result from measurements of the input electrical power, electro-
acoustic efficiency and the 6 dB beam width of the incident pressure field. The
calculation also assumes that the attenuation coefficient is equal to the absorption
coefficient, while in reality this may not be true due to scattering losses.

In this work, a linear acoustic propagation model was employed to compute the in
situ beam profile I(r,z) used in equation (4.2) and Q. in equation (4.13). However,
presence of acoustic nonlinearities has been previously reported for the intensity levels
typically used in HIFU [104]. The influence of the nonlinearities on magnitude of the
local heating rate and its spatial intensity profile depends not only on the applied acoustic
intensity, but also the intervening path attenuation. If the effect of nonlinearities were to
only influence the magnitude of the heating rate, while still maintaining the spatial profile
close to the linear approximation, the estimated Q; would include this effect since it is a
free parameter in the fitting process. If the effect of nonlinearities were strong enough to
modify the local heat source spatial profile due to increased absorption of higher
harmonics, Q; would be biased since the estimation would be performed using an

incorrect spatial heat source distribution profile. The effect of nonlinearities can be



109

explicitly included by employing a nonlinear acoustic wave propagation model to
compute the spatial intensity profile I(r,z) instead of a linear propagation model
employed in the current work.

Although the motivation for developing noninvasive methods to estimate the thermal
diffusivity and the heat source was to be able to uniquely estimate the mapping between
temperature and temperature-induced strain (¢) (refer Figure 4.1), the methods developed
in this paper can also be used in therapy planning applications to predict the applied
thermal dose at the treatment site and accordingly decide on the treatment protocol.
Current therapy planning procedures typically use values derived from the literature or
assumed standard values for the thermal diffusivity and local heating rate. However,
these properties are tissue composition dependent and patient dependent [106]. The
availability of noninvasive in situ estimates at the treatment locations can reduce the
uncertainty in the knowledge of these parameters and thus improve the accuracy of the
predicted results. The techniques developed in this chapter are a way of “remotely”

estimating these parameters.

4.6. Conclusions

A noninvasive technique of estimating the thermal diffusivity and the local heating
rate during thermal therapy such as HIFU has been developed and presented in this
chapter. Within the limits of experimental uncertainties and model induced errors, the
results from in vitro experiments performed in tissue mimicking phantoms show good
agreement between the noninvasive estimation techniques and independent established
validation procedures. The applicability of these techniques can be extended to assess the
heterogeneity of biological tissue and construct spatial maps of the variation of tissue
specific thermal parameters. The techniques developed in this chapter have applications
in therapeutic dosimetry planning, quantitative temperature imaging and potentially as a
tissue characterization tool.

In the next chapter, the ultrasound-based therapy monitoring approach based on
noninvasive temperature estimation using the BHTE is discussed and validated in the

alginate phantoms. The noninvasive estimation of tissue thermal properties is an essential
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step of the monitoring approach, and relies on the estimation techniques presented in this

chapter.
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S. MODEL-BASED TEMPERATURE ESTIMATION TECHNIQUE
FOR HIFU THERAPY MONITORING: PARTII

5.1. Introduction

In Chapter 4, the two step model-based temperature estimation approach for HIFU
therapy monitoring technique was introduced. In the first step, local tissue thermal
properties are estimated locally during calibration experiments, performed at a single
location in the treatment region of interest. These calibration experiments were described
in detail in Chapter 4 along with results from experiments performed in tissue mimicking
phantoms. After the thermal properties (K and Q) have been estimated, as illustrated in
Figure 4.1, temperature maps obtained by simulating the BHTE are related to the
temperature induced strain ¢ measured from the ultrasound backscatter, to noninvasively
obtain the mapping between strain and temperature referred to as (7). In the second step,
using the estimated ¢(7) mapping as a known quantity, temperature estimation is
performed as illustrated in the block diagram in the lower half of Figure 4.1. This chapter
focuses on the noninvasive estimation of €(T) and the temperature estimation step. The
estimation methodology and results from tissue mimicking alginate phantoms are
presented. Unless mentioned otherwise, in this chapter it is assumed that K and Q have

been already estimated and are a priori known quantities.
5.2. In situ Estimation of &(7T)

5.2.1. Estimation methodology

The relation between temperature induced strain (¢) and temperature (7) incorporates
the effect of change of sound speed versus temperature ¢(7) and thermal expansion. In
the estimation procedure described here, only the lumped quantity ¢(7) is estimated. The
goal is not to separate the contribution due to the sound speed change and thermal
expansion. As mentioned earlier in Chapter 3, the ¢(7) relation is non-monotonic with

temperature and can be represented by a second order polynomial of the form,

e(T)= bT*+aT S.D
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where a,b represent scalar coefficients and T represents the temperature rise above
the ambient value (typically 37 degrees C). However, for a relatively small temperature
rise of up to 10-15 degrees from ambient temperature, equation (5.1) can be well
approximated by a linear relation of the form,
&T)=aT (5.2)
A detailed simulation analysis showing the resulting strain profiles for the representations
in equations (5.1) and (5.2) is provided in Appendix B. The simulations provide insight
as to how the strains vary locally depending on the mapping between strain and
temperature. In our approach, ¢(7) is represented by equation (5.2) because the parameter
estimation for therapy monitoring is performed immediately (typically within 1 s) after
HIFU therapy commences, while the maximum temperature rise is less than 15 degrees
Celsius. Hence the focus during the ¢(7) estimation step is only on estimating the slope of
the linear fit (parameter a). This parameter is determined by relating the echo shift
between the first two RF frames acquired immediately after therapy commences with
simulated temperature maps at that location obtained using the BHTE. The flowchart in
Figure 5.1 illustrates the implementation of the ¢(7) estimation algorithm. The estimation

is performed using RF data collected during the calibration experiment.
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Figure 5.1 Flowchart illustrating the iterative optimization technique for noninvasive estimation of (7).
The estimation is performed on RF data collected during the calibration exposure.
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The technique is implemented as an iterative optimization problem with the goal
being to estimate the optimum value of parameter a for the given RF data set. An initial
guess value for parameter a is first selected. The BHTE equation is then evaluated using
the values of K and Q estimated from the calibration experiments. This gives the
predicted temperature profiles for that particular location. The predicted temperature
profiles are mapped into strain using ¢(7) and then integrated along the depth direction to
obtain the predicted echo shift. These echo shift estimates are then used to shift the
samples of RF line RF(i). The shifted RF line RF(i) and RF(i+1) are divided into a
number of nonoverlapping segments (typically each segment is 0.75 mm in length). The
zero lag correlation p between corresponding segments on these RF lines is then
computed following the approach presented in section 4.4.1.2. The minimization function
is computed as (I-p)? for each of the segments and then summed to obtain the cumulative
error estimate. Parameter a is updated after each iteration until the cumulative error
estimate is below a pre-defined threshold.

It may be noted that although the temperature profiles for the current location can be
directly evaluated based on knowledge of K and Q without the need for explicit
estimation of &(7T), this would not provide the ability to adaptively track changes in Q
during the therapy monitoring step. In order to be able to relate the BHTE predicted
temperature maps with the RF backscatter data collected during therapy, ¢(T) must be
estimated and hence the need to go through the steps outlined in Figure 5.1. It is assumed
that &(T) is spatially constant and hence the value estimated during the calibration step is
used as a constant known parameter during therapy monitoring.

The experimental data acquisition to validate the techniques for independent
estimation of &(7T) was performed as part of the boiling onset detection step presented in
section 4.4.2. It may also be noted that the RF data collected during the boiling onset
detection experiments was solely for use in the estimation of ¢(T). Only the stethoscope

data was used for boiling onset detection.
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5.2.2. Experimental data acquisition and analysis

RF data was acquired and processed offline based on the flowchart illustrated in
Figure 5.1. The heat source (Q) and the thermal diffusivity (K) estimated during the
calibration experiments were input into the BHTE to compute the predicted temperature
profiles. The value of Q was 291.72 W/cm® while K was 1.7x10”7 m?%s. These values
were estimated during the calibration experiments. The BHTE equation was implemented
using the finite element technique in FEMLAB (Comsol AG, Stockholm, Sweden).
Sample plots showing the finite element mesh, acoustic beam profile (normalized) and
simulated temperature distribution are presented in Figure 5.2. For more detailed
information on the FEMLAB implementation, the reader is referred to Appendix A in this
document. The iterative algorithm in Figure 5.1 was implemented using the MATLAB
function fminsearch, which is an implementation of the Nelder-Mead simplex
optimization technique. The analysis was performed on 10 adjacent RF A-lines passing
through the center of the HIFU focal zone. The measurements were repeated at different
test locations within two different phantom samples. The noninvasive estimates of &(7T)
thus obtained were compared with invasive measurements of ¢(7) independently obtained

using the setup described in Section 5.2.3.
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Figure 5.2(a) Finite element mesh (b) Normalized acoustic intensity profile in dB scale and (c) Spatial
temperature distribution obtained using the multiphysics finite element modeling tool~FEMLABT™. A high
density of mesh elements is used around the HIFU focus to capture the steep thermal gradients. Note the
difference in scale between the horizontal and vertical axis in the plots. The HIFU transducer is situated at
the bottom of these figures and the beam propagates vertically upward.
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5.2.3. Invasive measurement of &7)—ground truth measurements

For independent validation of &(T), the relationship was also measured using an
invasive technique widely reported in the literature [70, 75]. The invasive estimates are
considered the ground truth measurements. These measurements are performed by
tracking the echo shifts in the backscattered ultrasound when a sample is uniformly
heated over the temperature range of interest, and g(T) is computed from these echo shift
estimates.

A temperature controlled water bath heating experiment was performed in order to
uniformly characterize the e(T) relationship of the alginate phantom sample. A
photograph of the experimental setup is shown in Figure 5.3. The sample was placed in a
temperature controlled water bath with one thermocouple inserted into the phantom and
another immersed in the water bath. An electric heater with an inbuilt thermostat and
circulator (VWR Scientific Products, West Chester, PA) was immersed in the water bath
to uniformly heat the water bath and the sample. A commercial ultrasound imaging probe
(L11-5, Philips Medical Systems, Bothell, WA) was immersed in the water bath and

placed such that it images a cross-section of the sample. Care was taken to ensure that the
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imaging probe was not rigidly placed against the sample, thus allowing the sample to
freely expand. The water bath was heated in increments of approximately 10 degrees
Celsius, and the thermostat turned the heater off automatically when a given preset
temperature was reached. An RF data frame was collected using the HDI 1000 scanner at
each temperature increment after ensuring that difference in the temperature readings

between the two thermocouples was no greater than +0.2 degrees Celsius.
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Figure 5.3 Photograph of experimental setup for invasive measurement of &(T) using water bath setup

A B-mode image of the sample reconstructed from the RF data collected during the water
bath heating experiment is displayed in Figure 5.4(a). The backscattered echoes for an A-
line passing through the sample at the different temperatures are shown in Figure 5.4(b).
The reflection at the interface between the sample and the base of the holder can be
clearly seen in the echo signal. As the temperature rises, the echoes shift towards the
imaging transducer placed at the top of the B-mode image. Figure 5.4(b) clearly shows
that the sensitivity of the temperature induced strain to temperature is greatest for

temperatures close to ambient temperature. As the temperature rises above 50°C, the
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sensitivity of the echo shifts to temperature change reduces and reaches a plateau close to
70°C. Beyond 70°C, the echo shifts occur in the opposite direction with the echoes
moving away from the imaging transducer as the temperature rises. Hence, the best
sensitivity for the estimation of parameters from the RF data is in the temperature range
between 25-55 °C. From the echo shifts, the temperature induced strain was computed

and the mapping, (¢(7)), that relates strain to temperature, is plotted in Figure 5.5.
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Figure 5.4 (a) B-mode image of sample immersed in water tank during heating. (b) RF echoes over the
axial distance represented by the rectangular segment (A-B) in (a) for the scanline shown by the dotted line.
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Figure 5.5 Plot of experimentally measured temperature induced strain £ as a function of temperature and

polynomial fits to the data

5.2.4. Comparison between invasive and noninvasive (T) results

Figure 5.6 shows a comparison between the slope of the noninvasive &(T) mapping

(parameter a), obtained using the technique described in section 5.2.1, and the

independently obtained invasive ground truth measurements of section 5.2.3. The error

bars for the noninvasive measurement are generated from measurements using 10

adjacent RF A-lines around the center of the HIFU geometric focus. For the ground truth

measurements, the slope of the linear fit to the ¢(7) mapping (shown in Figure 5.5) was

also calculated and is plotted in Figure 5.6. The error bars on the invasive estimate

represents the 95% confidence interval to the linear fit.
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Figure 5.6 Comparison between noninvasive and invasive (water bath) estimates of &(7)
5.3. Noninvasive Temperature estimation

5.3.1. Description of noninvasive temperature estimation technique

The temperature estimation technique based on noninvasive estimation of BHTE
parameters is presented in this section. The noninvasive estimates of &(T) obtained in
section 5.2.4 are used as a known quantity in this step. A block diagram representation of
the estimation technique is presented in Figure 5.7. It may be noted that the mapping
between temperature and strain is modeled as a linear function in this estimation
technique. This is because the iterations to estimate temperature, by first estimating the
BHTE parameter Q, are only performed on the initial frames (typically frames acquired
within the first second after HIFU heating commences), and a linear model for ¢(7) is
valid in this range. Once Q has been estimated using the initial set of frames, the BHTE is
used to compute temperature throughout the exposure. This approach thus overcomes the
limitations imposed by the low sensitivity of &(T) over parts of the therapeutic

temperature range of interest.
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Figure 5.7 Block diagram representation of iterative optimization based technique for noninvasive
temperature estimation

The technique is implemented as an iterative optimization problem as illustrated in
Figure 5.7 with the goal being to estimate the optimum value of the parameter Q. The
approach is conceptually similar to that employed to estimate the parameter a in section
5.2.1. An initial guess value for parameter Q is first selected (usually obtained in prior
calibration experiments). The BHTE equation is then evaluated using the values of K and
Q estimated from the calibration experiments. This gives the predicted temperature
profiles for that particular location. The predicted temperature profiles are mapped to
strain using the estimated parameter a and then integrated along the depth direction to
obtain the predicted echo shift. These echo shift estimates are then applied to shift the
samples of RF line RF(i). The shifted RF line RF(i) and RF(i+1) are each divided into a
number of non-overlapping segments, and then the zero lag correlation p between the
corresponding segments is computed. Parameter Q is updated after each iteration until the
minimization function is below a pre-defined threshold. The estimated value of Q at

convergence is then input into the BHTE to compute temperature maps at the site of



121

treatment. The BHTE simulation for a region treated using scanned HIFU protocols can

use the spatially varying estimates of Q to develop a simulation of HIFU treatment.

5.3.2. In vitro experiments for noninvasive temperature estimation

The noninvasive temperature estimation technique was tested during in vitro
experiments performed in the alginate tissue-mimicking phantom. Independent validation
of the technique was performed by comparing the noninvasive temperature estimates with
thermocouple (HYPO-33-1-T-G-60-SMP-M, Omega Engineering Inc., Stamford,
Connecticut) readings inserted into the phantom. A special mechanical fixture with
through holes to insert thermocouples was designed and built. A schematic drawing of
the fixture, developed using a computer-aided design program (SolidWorks, Concord,
MA), is shown in Figure 5.8. The fixture was attached to the HIFU transducer assembly
and oriented such that the thermocouples could be positioned around the geometric focus
of the HIFU transducer. The fixture also contained micropositioners so that the locations
of the thermocouples could be precisely adjusted. The micropositioners are used to adjust
the thermocouple position precisely with respect to the geometric focus of the HIFU
transducer. A digital photograph of the experiment setup with the fixture used to hold the
thermocouples during an HIFU exposure is shown in Figure 5.9.

As part of a pre-alignment step performed before the experiment commences, the
thermocouples are precisely positioned with respect to the HIFU focus in water (before
the thermocouples have been immersed in the sample). This is done after the HIFU
transducer has been aligned with respect to the needles affixed to the base of the sample
holders (see Figure 4.5). For aligning the HIFU transducer with the thermocouples, the
HIFU transducer is set up in pulse-echo mode and connected to a function generator (HP
33120, Palo Alto, CA) operating in burst mode at a repetition rate of 100 Hz. Each burst
consists of 10 cycles of a 5 MHz sine wave with 10 V,, amplitude. The HIFU transducer
is connected to an oscilloscope to visually observe transmitted and received signals. The
micropositioners on the thermocouple assembly are adjusted in all three directions (X,Y,

Z) until a reflection from one of the thermocouples (thermocouple 1 in Figure 5.10) is
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visible on the oscilloscope. This ensures that the thermocouple is within the focal region
of the HIFU transducer. The micropositioners are then adjusted in all three directions
until the received signal amplitude is maximized, thus ensuring that the thermocouple is
now at the focal peak. The thermocouple fixture is then translated transverse to the HIFU
beam propagation axis until it lies outside the first side lobe of the HIFU beam. This
alignment procedure ensures that the thermocouples are located around the HIFU beam
where the temperature rises are significant but yet not within the HIFU main lobe. This
minimizes the influence of viscous heating effects [126, 127], commonly referred to as
the thermocouple artifact [128], on the temperature readings. After the alignment
procedure is complete, the thermocouples are inserted into the sample. With this
arrangement, the thermocouples are typically at transverse distances of 1, 3 and 4 mm
from the HIFU beam propagation axis. A B-mode image of the phantom with

thermocouples placed around the HIFU focus is shown in Figure 5.10.

HIFU
transri Uucer

Thermocouple — g
holder | —

Thermocouple

Figure 5.8 Schematic diagram of thermocouple holder used to position thermocouples around the
geometric focus of the HIFU transducer. Drawing courtesy of Andy Proctor
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Figure 5.9 Photograph of experimental setup for noninvasive temperature estimation and validation using
thermocouples. The thermocouple holder is rigidly attached to the HIFU transducer assembly. The
thermocouples are inserted through the holes on the holder and their position in the sample is confirmed on
the B-mode image.

The master control program previously developed to collect RF data from the HDI
1000 commercial ultrasound scanner during HIFU therapy was modified so that the
thermocouple readings could also be acquired simultaneously during the HIFU heating
experiment. The thermocouples were connected to separate analog input channels on a
computer controlled data acquisition unit (HP 34970, Hewlett Packard, Palo Alto, CA).
The sampling rate on each of the analog input channels was set to 10 Hz. Acquisition of
thermocouple data was initiated at the start of HIFU therapy delivery, and continued for
approximately 30 s into the cool down period after HIFU delivery had been turned off.
The total HIFU therapy delivery time was 7 seconds, with brief interruptions every 500

ms for acquiring RF data as in previous HIFU therapy experiments reported in Chapter 4.
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The in situ HIFU intensity for the exposures was 26552 W/cm?. The first two RF frames
acquired immediately after therapy commenced (within the first 1 second) were used in
the iterative estimation algorithm to determine the parameter Q. The estimated values of

Q were then input in the BHTE to obtain the temperature maps. The experiments were

performed starting at an initial baseline temperature of 29°C.
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Figure 5.10 B-mode image showing the location of the three thermocouples, HIFU transducer and imaging
probe

5.3.3. Results

The intermediate results obtained after 1, 3, 5 and 10 iterations of the estimation
technique (Figure 5.7) are presented in the four different panels of Figure 5.11. The
topmost plot in each of the panels shows the “raw” RF signals before any processing is
applied. The blue trace represents the signal before heating commences while the red
trace represents the signal obtained during heating. The third plot in each of the panels
shows the model predicted echo shift, s, for a given value of Q. The HIFU focus location
is shown by the ellipse in this plot. The second plot shows the RF lines after the
pre-heated RF line (blue) has been shifted by the model-predicted echo shift profile s.

The fourth plot shows the zero-lag cross-correlation between the signals at iteration O
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before any processing (red line) and at the current iteration (blue line). Proximal to the
HIFU focus location and closer to imaging transducer, the zero-lag correlation is close to
unity consistently. This is expected since no heating has occurred in this zone. Distal to
the HIFU focus, the zero-lag correlation coefficient before any processing is applied
however decreases to 0.8. As the iterations proceed, the zero-lag cross-correlation
increases from close to 0.8 distal to the heated zone to almost unity at iteration 10.
Accordingly, it can be seen that the signals in the second plot start to overlap each other.
The temperature estimates are then obtained by solving the BHTE with the updated value
of Q obtained at convergence. A comparison of the noninvasively estimated temperatures
at the thermocouple locations (1, 3 and 4 mm from the HIFU beam propagation axis) and
the corresponding thermocouple estimates is provided in Figure 5.12. Note the good
agreement between the noninvasively estimated temperatures and the thermocouple
estimates over the entire duration of the experiment. The predicted temperature rise at the
focal point of the HIFU transducer derived from the BHTE model is also shown in the
figure. This plot shows that the maximum temperature recorded during the HIFU
exposure is approximately 57 degrees Celsius. Spatial maps of the temperature evolution
around the HIFU focus were also computed. These maps are presented in Figure 5.13 for
different times after HIFU therapy commenced. This result demonstrates the ability of the
algorithm to estimate temperatures in the therapeutic temperature range. The delivered
thermal dose at the location of the maximum temperature rise for this case was 433 dose
equivalent minutes which exceeds the threshold for tissue necrosis of 120-240 minutes
referenced to 43°C [60]. Furthermore, these results demonstrate that although the
temperature induced strain lacks sensitivity over parts of the therapeutic temperature
range, by combining information from the backscatter data with the BHTE this lack of

sensitivity can be overcome.
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Figure 5.11 Illustration of the technique for noninvasive temperature estimation at iterations 1, 3, 5
and 10. The location of the HIFU geometric focus is shown by the ellipse in panel 3 of Iteration 1.
Note that the horizontal axis in plots 1 and 2 for each of the four iteration panels ranges from 2.5 ¢cm
to 3 cm. The range for plots 3 and 4 is from 1.5 cm to 3 cm.
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Figure 5.12 Comparison between noninvasive temperature estimates and readings from in situ
thermocouples placed at transverse distances of 1, 3 and 4 mm from the HIFU focus. The location of the
thermocouples is shown on the B-mode image on the right.
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Figure 5.13 Spatial profiles showing the temperature evolution around the HIFU focus at times t=1, 2, 4,
7 and 8 s after the HIFU therapy delivery started. The HIFU therapy delivery was turned off at t=7.2 s.
The color bar represents the temperature rise in degrees Celsius above the ambient temperature. The
HIFU transducer is at the top of these figures and the beam propagates vertically downward. The figures
represent simulated temperature fields using BHTE parameters estimated from ultrasonic measurements,
and confirmed by thermocouple readings.

5.4. Discussion
A quantitative temperature estimation technique designed for HIFU therapy
monitoring was reported in this chapter. The methods developed provide the ability to

estimate temperatures throughout the therapeutic range and is thus a departure from
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previously reported techniques [70, 79, 94], that were applicable to the hyperthermia
range where the temperature rise is only a few degrees above ambient temperature. A key
difference between the current approach and previously reported methods is the coupling
of the BHTE with echo shift information from the RF backscatter to obtain the
temperature information noninvasively. This provides the ability to estimate temperatures
in regions of low sensitivity of the &T) curve. Previously reported methods relied on
direct inversion of ¢ via the &(T) mapping to obtain temperature. However, since the &(T)
does not provide high sensitivity throughout the therapeutic temperature range, these
methods were only applicable in the low temperature range where the sensitivity of the
&(T) curve was high. In the current approach, the initial high sensitivity linear region of
the &(T) curve was used to noninvasively estimate the BHTE parameters. Once the BHTE
parameters have been estimated, the BHTE was used to compute the temperature
information throughout the HIFU exposure.

This estimation technique assumes that the local in situ heat source Q does not
change as a function of temperature and that the value estimated at the beginning of
treatment is valid throughout the exposure. The close agreement between the
thermocouple measurements and the noninvasive ultrasonic temperature estimates appear
to confirm the validity of this assumption. From Figure 5.12, it can be seen that the
thermocouple placed 1 mm from the focus matches the noninvasive temperature
estimates, both during heating and post-HIFU during cool down. If the effect of local
absorption change had been significant at the focus, one would expect to see an inflection
point in this thermocouple reading since it is placed close to the focus. The local in sifu
heat source Q is a function of the local ultrasonic absorption coefficient and the
intervening path attenuation. Temperature induced changes in the ultrasonic attenuation
coefficient have been previously reported in the literature [47, 49, 129, 130]. However,
the study by Techavipoo et. al. [130] claimed that attenuation changes were dominant
only after the sample that was exposed to thermal ablation cooled down to room
temperature (a process that typically takes a couple of minutes). They reported that no

significant attenuation change was observed in measurements taken at the elevated
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temperatures. They conclude based on these results that the attenuation increase is
predominantly due to tissue necrosis or coagulation and not the temperature elevation. It
is possible to determine through modeling, if the increase in attenuation in the intervening
path counteracts the increase in local tissue absorption, effectively resulting in no net
change in the local heating rate. However, we did not test this hypothesis in this thesis. If
change in absorption is important for certain tissue types, it would need to be
incorporated into the BHTE model.

An integral part of the temperature estimation technique developed in this chapter
was the noninvasive estimation of the mapping between temperature induced strain ¢ and
temperature 7. In previous studies [70, 79, 94], this mapping parameter was invasively
determined prior to treatment. Such an invasive approach would not be effective in an in
vivo clinical setting. Moreover, due to large scale variability in this parameter as a
function of tissue type [72, 73], it would be useful to estimate it for a given region of
interest in the patient before the treatment commences. The noninvasive method proposed

in this chapter could be used for this purpose.

5.5. Conclusions

A noninvasive ultrasound-based temperature estimation technique for HIFU therapy
monitoring has been developed in this chapter. The techniques were developed and
validated on tissue mimicking phantoms. Good agreement was observed between
noninvasive temperature estimates and independent thermocouple readings obtained
close to but not at the HIFU focus. In the next chapter, results obtained by applying the
methods developed in Chapter 4 and 5 on freshly excised turkey muscle tissue are

presented.
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6. IN VITRO TISSUE EXPERIMENTS

6.1. Introduction

The noninvasive temperature estimation algorithm developed in Chapter 4 and 5 was
tested on excised turkey breast muscle tissue. Details of these experiments and the results
obtained are presented in this chapter. The chapter begins with a description of the tissue
preparation in section 6.2. The experiment protocol and setup is discussed in section 6.3.

The noninvasive temperature estimation results are presented in section 6.4,

6.2. Tissue preparation

In vitro experiments on turkey breast muscle (Foster Farms, Kelso, WA) were
performed using the experiment system previously described in Chapter 5. Prior to the
experiments, the samples were cut into convenient sizes so that they could be placed in
the sample holders of dimensions 5x5x6.5 cm. The samples were then immersed in
de-ionized water and degassed under vacuum. The degassing process continued until no
visible outgassing from the sample was evident. This process typically lasted 30-40
minutes. A photograph of the sample placed in the degassing tank is shown in Figure 6.1.
Care was taken to ensure that the samples were arranged in the holder, such that the
direction of propagation of the ultrasound therapy and imaging beam was perpendicular
to the fiber orientation. This is important to consider because of the anisotropy of muscle
fibers. In muscle, the attenuation along the fibers exceeds that across the fibers by a
factor of 2 or 3 [92]. After degassing, the tissue sample was placed near the center of the
holder and suspended vertically on a clamp with the aid of a needle and sewing thread as
shown in Figure 6.2. With the sample held in this position, alginate gel was poured into
the holder to encase the tissue sample. This arrangement ensured that the tissue sample
was positioned in the center of the holder allowing easy insertion of thermocouples into
the tissue. It also ensured that the ultrasound therapy beam enters through a relatively flat
front surface. Not doing so may lead to significant refraction, and misalignment of the
imaging and therapy beams. The propagation distance through the gel was approximately

1 em. The attenuation and sound speed was measured using the sample replacement
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technique for each of the samples in the experiment. The average sound speed and
attenuation measured over 4 samples was 1567.8x12.4 m/s and 1.24+0.18 dB/cr/MHz
respectively. These attenuation measurements were performed with the muscle fibers
oriented perpendicular to the beam propagation direction. The attenuation values
measured with the fibers oriented parallel to the beam propagation direction was 2.1+0.16
dB/cm/MHz. The reported values for attenuation in muscle, perpendicular and parallel to
the fibers are in the range of 0.9-1.4 dB/c/MHz and 1.6-2.8 dB/cm/MHz, respectively
[92]. The attenuation of the alginate gel phantom was also independently measured to be
0.34+0.032 dB/cm/MHz.

Tissue sample

Figure 6.1 Photograph of turkey breast muscle tissue sample placed in the degassing chamber
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Figure 6.2 (a) Tissue sample suspended by a sewing thread from a clamp and held in place near the center
of the sample holder (b) Alginate gel is poured to encase the tissue

6.3. Experiment setup

The therapy experiments were performed using the same instrumentation setup as
that employed for the phantom experiments earlier reported in Chapters 4 and 5. A 5
MHz HIFU transducer was mounted on a 3-D motion stage and manually translated to
create lesions at different locations within the tissue sample. The separation between
adjacent exposure locations was greater than 1 cm to avoid any interaction between the
lesion sites. A total of 4 independent samples were analyzed. For each of the samples,
calibration experiments to extract the thermal parameters were first performed. A brief
HIFU exposure at an in situ HIFU intensity of about 30 W/cm?® was applied to estimate
the thermal diffusivity (K). These exposures were typically 5 seconds in duration and the
diffusivity parameter was extracted during the cool down period. Following this, HIFU
exposure at an in sity intensity of 173+50 W/cm® was performed to raise the focal
temperature of tissue to boiling to noninvasively estimate the heating rate Q. The
exposures were repeated at different locations in each sample to evaluate the uniformity
of results. The thermal parameters estimated during these experiments were then input
into the BHTE and combined with RF data simultaneously acquired during the
calibration exposure to noninvasively estimate the temperature to strain mapping,

referred to as ¢(7). After the calibration experiments were completed, the therapy
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transducer was translated to a previously untreated location and HIFU was applied at an
in situ intensity of 350104 W/cm? for 5-10 s to induce tissue necrosis. The model-
derived noninvasive ultrasonic temperature estimates were compared with independent
thermocouple measurements obtained at three different locations around the HIFU focus,

Independent of the noninvasive methods described in the previous paragraph, the
“invasive” ground truth estimate of &(7) using the water bath setup was also obtained.
The experimental procedure was identical to that employed for the phantom sample. This
experiment was performed on a different tissue sample from that used for the therapy
monitoring experiments. The sample was heated over the temperature range 22 to 56
degrees Celsius since this was range of the ¢(7) curve used in the temperature monitoring

step.

6.4. Results and Discussion
The results obtained in the in vitro turkey muscle experiments are presented in this
section. The calibration results are presented first followed by results from the

temperature estimation step.

6.4.1. Estimation of thermal diffusivity (K)

A plot of Gaussian radius as a function of time during cool down (after HIFU
therapy has been turned off) is shown in Figure 6.3 for one of the samples tested. The
slope of the linear fit to the data points is related to the thermal diffusivity and was
measured to be 1.42x107 m%s for this sample. The uncertainty in this estimate at the 95%
confidence level was 0.3x10” m?%s. The thermal diffusivity estimates obtained from the
remaining samples tested were 1.18x107, 1.3x107 and 1.55x10”7 m¥s. The variation in
the diffusivity values is possibly due to the local heterogeneities and inter-sample
variability that would be expected between independent tissue samples. For comparison,
the reported range of values for thermal diffusivity in the literature for muscle is 1.25-
1.54x107 m%s [92).



134

x10

1.8¢ _
16+
1.4}

[R®EZ 1.2}
(m?) 1t

08¢ , _

06} .

045 5 10 15 20

Time (seconds)

Figure 6.3 Plot of square of Gaussian radius R(t) versus time after the HIFU heating pulse was turned off.
The dots represent the values estimated by analysis of the RF data and the straight line represents the linear
least squares fit to the data points.

6.4.2. Noninvasive detection of boiling onset and in situ heating rate

A sample time series output of the stethoscope during a HIFU exposure in turkey
breast muscle tissue is shown in Figure 6.4(a) along with the spectrogram in Figure
6.4(b). It can be seen from the spectrogram plot that the onset of boiling can be clearly
detected, and this spectral information can also be used for automated boiling detection.
The ability to noninvasively detect the onset of boiling was tested at a number of sample

locations within each sample. Results from these different samples are shown in Figure
6.5.
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Figure 6.4(a) Plot showing output of stethoscope during HIFU therapy delivery (b) Spectrogram of
stethoscope output shown in (a)
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Figure 6.5 Plot illustrating detected boiling onset times for four different turkey breast muscle samples
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The boiling time estimates were used with the BHTE to estimate the local heating

rate. Table 6.1 shows a comparison between the noninvasive heating rates, derived from

the boiling times, and the calculated values obtained using the formulas relating the

applied electrical power and heating rate, presented earlier in Chapter 4. The intervening

attenuation loss along the ultrasonic propagation path, resulting from the 1 cm alginate

gel and muscle tissue, was accounted. The difference of approximately 18 percent

between the calculated and estimated values can be explained by the similar range of

uncertainties in the measured values of attenuation, electromechanical transducer

efficiency and applied electrical power, and the possibility of HIFU beam distortion. The

net uncertainty in the calculated heat source resulting from an uncertainty of 5% in each

of these measured parameters was calculated to be approximately 25%.

Table 6.1 Comparison between estimated heat source and
calculated heat source

In situ Estimated | Calculated | Difference
Intensity | Heat Source | Heat Source (%)
(W/em?) (W/em®) (W/em®)

173£50 | 203.7+7.03 240+57.6 17.65+10.9
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6.4.3. Estimation of &T)

A plot of temperature induced strain ¢ as a function of temperature T derived from
the water bath experiment is presented in Figure 6.6. Also shown is a polynomial fit to
the experimentally measured values. From the plot, it can be seen that ¢(T) varies nearly
linearly as a function of temperature while the temperature is below 40 degrees Celsius.
Closer to 50 degrees Celsius, the slope of the strain versus temperature relationship
decreases and becomes flat at 50 degrees Celsius. The linear fit to the &(T) relationship is
shown in Figure 6.7. The slope of this linear fit was used as the ground truth g(7) value to

compare with the noninvasive estimate derived from the calibration experiments.
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Figure 6.6 Plot of temperature induced strain (¢) versus temperature (T) measured using the waterbath
experiment setup. The dots represent the measured experimental data and the curve represents a polynomial
least squares fit to the data points.
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Figure 6.7 Linear least squares fit to &(7) mapping in the temperature range between 22 to 40 degrees.

The estimates of the slope of the ¢(7) mapping derived noninvasively from the
calibration experiments are illustrated in Figure 6.8 for the four different samples
analyzed. In each of the samples, the estimation was performed at multiple locations.
Each dot represents the mean estimate (over for 10 adjacent RF scanlines) at a single
location in the sample. The standard deviation for each data point is approximately 11%
of the estimated value. Also overlaid on the same graph are the estimates of slope of &(T)
derived from the water bath measurement. The results demonstrate agreement between
the noninvasive estimate and the invasive water bath estimate. In most cases, the invasive
water bath estimate is slightly higher than the noninvasive estimate. This could be
explained by the fact that if the imaging plane does not pass through the hottest zone of
the HIFU focal region due to refraction of the therapeutic beam, the observed strain
would be smaller than the actual maximum value. Previously, Miller et. al. [73] reported
that the resulting decrease in observed strain could be approximately 25%. The effect of
this artifact would be greater with a smaller HIFU focal beam width due to larger thermal

gradients.
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Figure 6.8 Comparison between noninvasively estimated &(T) slope values and ground truth measurements
obtained using the water bath setup. The data points represent experimental measurements in four
independent tissue samples. The water bath estimate is shown as the solid horizontal line and the dotted
lines represent the corresponding estimated standard deviation.

6.4.4. Noninvasive temperature estimation

The iterative estimation algorithm described in detail in Chapter 5 was used to
compute temperature estimates for the tissue experiments. Alignment procedures were
performed before the experiment to ensure that the location of the thermocouples around
the focus was accurately known. The thermocouples were arranged so that the
thermocouples were placed close to but not within the HIFU focus. A B-mode image
showing the arrangement of the thermocouples in the tissue sample is presented in Figure
6.9. The thermocouples were placed at radial distances (perpendicular to the axis of beam

propagation) of 1 mm, 3 mm and 4 mm away from the focus.
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Figure 6.9 B-mode image showing thermocouples inserted in the turkey breast tissue sample. The
thermocouples are located 1, 3 and 4 mm radial distances away from the HIFU beam axis.
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Figure 6.10 Comparison between thermocouple readings and noninvasive temperature estimates at 1, 3 and
4 mm radial distances away from the axis of the HIFU transducer.

Plots of the noninvasive temperature estimates and the corresponding thermocouple
data are illustrated in Figure 6.10. These temperature profiles were obtained for an in situ
HIFU intensity of 350 W/cm®. The noninvasive estimates were obtained from the
solution of the BHTE at the location of the thermocouples. The plots show good

agreement between the thermocouple data and the noninvasive temperature estimates.
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The predicted temperature profile at the HIFU focus derived from the BHTE model is
also plotted in the figure. This plot shows that the maximum temperature rise was
approximately 50°C starting from an initial ambient temperature of 25°C. Spatial maps of
the temperature profiles were also generated during and after HIFU therapy delivery.
These are presented in Figure 6.11.
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Figure 6.11 Spatial maps illustrating the temperature evolution around the HIFU focus at various times
during and after HIFU therapy delivery. The HIFU transducer is located at the top of the figure and the
beam propagates vertically downward. The geometric focus of the HIFU transducer is at 3.5 cm. The total
therapy ON time for this experiment was 6 s.

6.5. Temperature dependence of thermal diffusivity

For the in vitro experimental scenarios considered in this thesis, the thermal
diffusivity (K) was assumed to be a numerical constant over the entire therapeutic
temperature range of interest. This assumption has also been made by a number of
previous authors who developed simulation programs to predict the temperature rise
during HIFU [104, 120]. They showed good agreement between the simulated
temperature profiles and measured temperature estimates using thermocouples.
Furthermore, the close agreement between the thermocouple profiles and the noninvasive
ultrasound-based temperature estimates obtained using the model-based temperature
estimation technique (developed in this thesis) illustrated in Figure 6.10 suggests that this

assumption is possibly valid over the duration of HIFU therapy employed in the
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experiment. One of the salient features of HIFU therapy is that the desired therapeutic
effect at the treatment location can be achieved within a few seconds [20]. Over this short
treatment duration, the heat loss due to thermal diffusion can be considered to have a
minimal influence on the resulting spatial temperature distribution. All of these
considerations suggest that the error in the temperature estimates due to the assumption
of constant thermal diffusivity is not likely to be significant.

Previous studies by various authors have reported on the temperature dependence of
tissue thermal diffusivity. These studies were especially of great interest for hyperthermia
applications, where the treatment times were considerably longer and the heat transfer
process is influenced by thermal diffusion. The question of whether the temperature
dependence of tissue thermal diffusivity is important for HIFU applications needs to be
investigated further. To the best of the author’s knowledge, no study has reported on the
temperature dependence of tissue thermal diffusivity specifically for HIFU applications,
where the treatment time scales are much shorter than that in hyperthermia applications.
Duck [92] summarized the results obtained by different authors for measured values of
temperature dependence of tissue thermal diffusivity in the temperature range 3-45°C.
The temperature coefficient of tissue thermal diffusivity for kidney, liver, muscle and
spleen was reported to be in the range of 0.1-0.43 %/°C.

A preliminary study was conducted to verify if the influence of temperature
dependence of thermal diffusivity is important in the muscle tissue samples used in the
experiments reported in this thesis. Since the thermal diffusion mechanism is most
dominant for longer heating times compared to shorter heating times, the heating times
were at least 15 seconds for this study. Temperature estimates computed using the BHTE
with a constant thermal diffusivity (no temperature dependence) were compared with in
situ measured thermocouple temperature profiles for a 45 second HIFU exposure, and the
result is plotted in Figure 6.12. Good agreement between the measured thermocouple
temperature profiles and the computed estimates can be seen throughout the heating

phase and the cool down phase.
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Figure 6.12 Comparison between BHTE computed temperature profiles and measured thermocouple
profiles for a 45 second HIFU exposure.

6.6. Conclusion

The noninvasive temperature algorithm for HIFU therapy monitoring developed in
Chapters 4 and 5 was tested on excised samples of turkey breast muscle. The results
showed good agreement between the noninvasive in situ estimates and corresponding
profiles from thermocouples inserted in the tissue medium. These results demonstrate
potential for the applicability of ultrasound based temperature estimation techniques for
HIFU therapy monitoring and could serve as a viable alternative to MRI based
techniques, which are the gold standard for noninvasive thermometry during thermal

ablation therapy in clinical use today.
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7. CONCLUSIONS AND FUTURE WORK

7.1. Conclusions

This dissertation addressed the problem of developing an ultrasound based technique
for noninvasive thermometry to monitor the progress of HIFU therapy. A major
hindrance in the widespread clinical acceptance of noninvasive ablative therapies such as
HIFU has been the lack of adequate quantitative methods for targeting, monitoring
treatment progress, evaluating treatment efficacy, and determining the endpoint of
therapy. Quantitative estimates of the in situ temperature distribution during therapy
provide information about the thermal dose, which is a clinically useful indicator of the
endpoint of therapy. Moreover, since the therapy modality is ultrasound based, it is useful
to have the accompanying monitoring modality also be an ultrasound based technique.
Previous methods of ultrasound based temperature estimation were designed mainly for
use at sub-ablative temperatures typically encountered in hyperthermia applications and
hence find limited applicability in ablative treatment modalities such as HIFU and Radio
Frequency Ablation with target temperatures typically in the range of 60 to 100 degrees
Celsius. The focus of this thesis was specifically on the development of noninvasive
ultrasound based temperature estimation techniques, applicable in the therapeutic
temperature range and obtained using ultrasound backscatter data.

The work in this dissertation comprised three parts. The first part focused on the
development of a software-based data acquisition system to collect unprocessed
ultrasound backscatter data, from a commercial ultrasound scanner (ATL HDI 1000). The
system provides the ability to externally control the operation of the HDI 1000 ultrasound
scanner, and the capability to synchronize RF data acquisition with additional devices
and instruments (e.g. motion controllers, temperature measurement devices, therapy
delivery modules) that are part of the experiment setup. Although the primary application
for this system in our research is acquisition of RF data during HIFU experiments, the
system can be easily adapted to meet the data acquisition needs for other emerging

ultrasound-based imaging modalities requiring access to RF data.
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In the second part, the emphasis was on demonstrating that improved visualization of
lesion evolution can be obtained by processing the raw ultrasound backscatter compared
to the demodulated envelope detected data. Two signal processing based approaches were
applied. In the first approach, it was shown that by tracking the echo shifts in the
backscattered ultrasound signals (caused by sound speed change and local thermal
expansion), local temperature change information can be clearly visualized. The changes
were visible not only during heating but also during the cool down after therapy delivery
concluded where the recovery of sound speed values and contraction of tissue resulted in
echo shifts in the opposite direction relative to the heating phase. These results showed
that the ultrasound backscatter contains information that could be used to extract
quantitative temperature estimates. This served as a motivation for part three of the
thesis where the goal was specifically to derive quantitative temperature information.
The second signal processing based approach developed was directed at detecting
changes in tissue scattering properties by analysis of the spectral content of the
ultrasound backscatter data. Compared to M-mode data that showed the appearance of a
hyperechoic spot some time after therapy commenced, visible changes due to increased
harmonic frequency generation were seen on the spectral display very shortly after
therapy commenced. Corresponding to the onset of the hyperechogenic spot on the B-
mode data, evidence of increased backscattering possibly due to bubbles was seen on the
spectral maps. Furthermore, decreased high frequency content in the ultrasound
backscatter from locations distal to the lesion along the imaging beam gave evidence of
increased attenuation at the lesion location. These results showed compelling potential for
the use of advanced signal processing techniques to achieve the goal of image-guided
HIFU therapy.

In part three of the dissertation, the focus was on the development of a quantitative
temperature estimation technique that would be applicable for HIFU therapy monitoring.
A key contribution of this thesis in this regard is the development of a model-based
approach that relates the underlying heat diffusion process with ultrasound echo shift

information derived from the measured backscatter to obtain temperature estimates. It
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was shown in this work that the use of the BHTE equation to constrain the inversion of
ultrasound backscatter data enables the estimation of temperature even in regions where
the ¢(T) curve becomes insensitive to temperature changes. This is of critical importance
in HIFU therapy monitoring since for most soft tissues, the ¢(T) curve flattens out near
the coagulation threshold (approximately 50-60°C) which complicates the inversion
process. Temperature estimates obtained noninvasively with the model-based approach
were in close agreement with invasive thermocouple measurements with accuracy of
approximately 1°C. This method of temperature estimation is a departure from previously
reported techniques that relied on direct inversion of the echo shift information from the
backscatter data.

Another key contribution of this thesis is the development of novel noninvasive
methods of estimating acoustic and thermal parameters needed for temperature
estimation. All of the methods were designed so that they could be performed before the
therapy session commences at a representative location within the treatment region of
interest and are therefore referred to as calibration measurements. With regard to the
temperature dependent strain mapping, &(7T), there exists variation between tissues types,
and inter-patient variability can also be expected. For example, the initial slope of the
curve is positive for tissues with high water content and negative for tissue with high
lipid content [54, 72]. The noninvasive technique of estimating the ¢(7) curve developed
in this thesis reduces the uncertainty in the knowledge of this important parameter
required for temperature estimation. The techniques for estimation of thermal parameters
such as thermal diffusivity and local heating rate are also novel noninvasive methods, and
rely solely on the processing of acoustic signals.

A key development in this thesis was the application of physical model based signal
processing approaches for analyzing the ultrasound backscatter data. In this approach,
underlying information about the thermal diffusion provided by the BHTE was coupled
with the RF backscatter data to estimate the parameters of interest such as thermal
diffusivity, heating rate, &(7) and temperature. Such an approach avoided the need to

explicitly first estimate the temperature induced strain using signal processing methods,
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which typically requires empirical choice of signal processing parameters such as
cross-correlation window length and spatial filters. Previously, Simon et. al. [70] had
reported with reference to cross-correlation based methods that making an arbitrary
choice of processing parameters can result in signal processing induced artifacts, and
requires careful interpretation of the results. With the model-based signal analysis
approach adopted in this thesis, the spatial filter parameters are inherently determined by
the thermal constants used in the model. The use of the iterative optimization approach to
estimate the parameters also provides an added measure of confidence that the data does
satisfy the assumptions in the model when the error residuals are below an acceptable
level.

In summary, the work presented in this thesis demonstrated the feasibility of an
ultrasound based temperature estimation technique specifically designed for applications
in thermal therapy monitoring. Although the work was directed towards HIFU therapy
monitoring applications which is the main focus of our research group, the underlying
framework and paradigm of the approach can be adapted for use in other thermal

therapies such as Radio Frequency Ablation and microwave therapies.
7.2. Suggestions for future work

7.2.1. Applicability in in vivo conditions

This thesis focused on demonstrating the feasibility of the temperature estimation
algorithm in in vitro conditions. The effect of tissue perfusion as a heat transport
mechanism was therefore not considered in this analysis, and likewise external motion
was not considered. The next step in the research would be to extend the applicability of
the methods to in vivo conditions. The potential complications that need to be accounted
for include the effect of patient breathing, bulk motion of transducer assembly (especially
for freehand scanning) and tissue perfusion. Given the short treatment times typically
used in HIFU therapy, it can be expected that the effect of perfusion would not be very
significant over the treatment duration. In cases where the effect is deemed to be

significant enough (especially for highly perfused organs such as the liver), quantitative
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knowledge of the perfusion rate might have to be incorporated into the heat diffusion
model via the BHTE and determined during the calibration step. A noninvasive technique
for determining the perfusion rate has been recently proposed in the MRI imaging
literature [106]. This approach can be extended to ultrasound data and used to estimate
the perfusion rate as part of the calibration step. Potential techniques that could be
applied for effective motion compensation are presented in section 7.2.4. It may be
possible to lump perfusion loss in with the thermal diffusivity, but highly advective

cooling would require substantial modification of the algorithm.

7.2.2. Two dimensional estimation algorithm

The processing methods adopted in this thesis were based on one dimensional
analysis of the RF data. The echo shifts and temperature induced strain estimates were
computed by processing a pair of RF lines from adjacent frames acquired at the same line
of sight (scanline). For model fitting, only the computed temperature estimates along a
single axial scan line passing through the HIFU focal region were used. The techniques
developed can be extended to two dimensional processing. Two dimensional temperature
maps obtained from the BHTE could be related to RF echo shifts determined using a 2-D
cross-correlation algorithm [70] to estimate the thermal and acoustic parameters. If the
two dimensional data is properly pre-conditioned and filtered, such an approach would
result in robust estimates of the parameters, since more independent data are used in the
estimation procedure. However, care must be taken to ensure that the effect of acoustic
beamforming in the imaging system is properly accounted for. Beamforming errors could
occur due to local thermal gradients within the width of the imaging beam that could
introduce artifacts distal to the heating zone and cause decorrelation effects in the RF
signals. This effect, which depends on the local thermal gradients induced by HIFU, is
most severe at the extremities of the focal zone along the HIFU beam propagation
direction and less severe around the center of the heated region [70, 72]. Methods for
correcting the thermal lens artifact have been proposed and these could be incorporated in

the heat transfer model [125].
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7.2.3. Estimation of &(T) parameters over the entire therapeutic range

In this dissertation, estimation of thermal and acoustic parameters were performed
only over the initial portion of the ¢(7) curve, that could represented by a linear relation
(e=aT). These estimates were then used with the BHTE to compute the temperature
maps. The limitation of such an approach is that the model does not permit the thermal
parameters to change over time. Rather, once the thermal parameters have been estimated
during the initial heating phase, they are assumed to be constant throughout the treatment.
By modeling the &(T) curve as a second order polynomial (e=aT°+bT), information from
the ultrasound backscatter can be related to the BHTE throughout the exposure, and the
therapy parameters can be updated throughout as well. This requires that all coefficients
of the second order polynomial of the &(T) curve be estimated accurately during the
calibration step. For a single point lesion, only the region around the focal peak can be
used to resolve the parameter a since the higher temperatures only occur around a small
spatial region around the focus. This introduces uncertainty in the estimates of a. If
instead of a point lesion, a scanned lesion protocol were adopted where the transducer is
mechanically translated across the treatment region while it is emitting the therapy beam,
the spatial extent of the temperature change would be greater and would provide more
spatial data to estimate a thus improving its accuracy. This requires modification of the
HIFU experimental protocol used in this work. However, the motivation to create
scanned lesions in clinical HIFU practice is manifold since treatment throughput is
greater and more cost effective. Modification of the estimation techniques to incorporate
these changes could result in valuable improvement in the applicability of this

noninvasive temperature estimation technique.

7.2.4. Motion compensation

In clinical scenarios, bulk motion due to respiration and movement of the transducer
during therapy especially with freehand scanning, can influence the performance of time

shift estimation and cross-correlation techniques used to estimate the echo shifts and the
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temperature induced strain. These motion effects typically include bulk translation,
deformation and rotation of tissue over regions much greater than the spatial extent of the
heated zone. A possible method of separating the artifacts would be to approach it as a
two step motion tracking problem. In the first step, block matching algorithms [131]
could be employed over regions of an RF image to compensate for the motion effects. An
appropriate signal deformation model would need to be employed in this step. After the
global bulk motion has been compensated, the BHTE model-based approach can be
employed to estimate the temperature induced echo shifts and inversely estimate the
temperature. The advantage of using a BHTE model-based approach in such a scenario is
that if bulk motion artifacts were not properly compensated, the iterative optimization
step would not converge; residuals of the minimization function would remain
significantly higher, and they could be used as an indication of uncertainty in the derived

estimates.

7.2.5. Homogeneity of thermal and acoustic parameters

In this dissertation, it was assumed that the thermal and acoustic parameters are
locally homogenous and isotropic. Hence K, Q in the BHTE equation and &(7T) were
scalar quantities. It was further assumed that once K and ¢(7T) has been estimated during
the calibration step, they can be assumed to be constant throughout the entire treatment
region. The values estimated in the calibration step were kept constant during the
monitoring step. In regions of large scale heterogeneity, as might be encountered in tissue
regions with dense vasculature, it might be necessary to perform the calibration
experiments at a number of different regions within the treatment volume to generate a
spatial map of the variation in K and ¢(7T). This spatial map could then be fed into the

BHTE during the therapy monitoring step to obtain the noninvasive temperature

information.

7.2.6. Optimization of therapy and real-time dosimetry control

From the in situ measured temperature estimates during therapy, the applied thermal

dose can be computed. This provides the ability to evaluate therapy progress and efficacy
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during the treatment, since the thermal dose has been shown to be a clinically effective
indicator of the endpoint of ablative thermal therapy. The quantitative thermal dose
estimates can be used to adaptively update the therapy delivery parameters so that
treatment efficacy is maximized. A feedback controller can be designed to update the
applied heating rate using information from the therapy monitoring system. Such control
mechanisms have been previously applied for MRI thermometry based dose optimization
techniques [62, 132]. With the advent of ultrasound based temperature estimation
techniques, these adaptive control mechanisms can be applied to temperature information
derived from ultrasound. Since the ultrasound data is typically acquired in real-time, it
could provide the capability for improved therapeutic dose control at much higher update

rates compared to MRIL

7.2.7. Validation studies with MRI thermometry

A gold standard temperature mapping tool in current clinical HIFU practice is MR
based thermometry. A logical next step in demonstrating the ability of ultrasound based
methods to successfully compete with MR-based methods would be to demonstrate its
ability to provide temperature information at a comparable level of accuracy and higher
temporal resolution in multi-modality validation studies. Such validation studies would
provide the impetus to bring the technique proposed in this dissertation closer to clinical

use.
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APPENDIX A: GENERATION OF SIMULATED RF DATA

The methodology for generating RF data sets via computer simulations for a given
scatterer distribution and 2-D temperature distribution, during a HIFU treatment exposure
is presented in this section. These simulated data sets were used at different points in the
thesis to validate algorithms, test data analysis software programs, and perform controlled
noise-free experiments. The flowchart of the simulation technique is presented in Figure
A.1. Spatial and temporal homogeneity of the various tissue specific thermal and acoustic
parameters was assumed. The effect of thermal expansion was ignored. Only the effect of
sound speed change was included. The sound speed change results in an apparent change

in the location of the scatterers.

K Q Spatial
Tissue Thermal Heat source -
Properties Distribution Amplitude  Scatterer
l l distribution  spacing distribution
Compute 2-D Temperature l l
Distribution Generate initial
(FEMLAB) scatterer
{ distribution
Map Map sound T
Ac(T) data — temperature to speed change Compute new scatterer
s sound speed to scatter positions
ug’ g_ location shift Ultrasound
Temperature (T) Transmit Pulse
|
e \‘ Convolve }
K : Thermal Diffusivity (m?/s) I
Q : Heating Rate (°C/s) l \
RF lines

Figure A.1 Flowchart of simulated RF data generation scheme. The temperature distribution is generated
first using the finite element implementation of the bicheat equation. A known ¢(7T) relationship is used to
map the temperature estimates to sound speed, and then to scatterer location shift. These scatterer shifts are
apparent shifts. These scatterer shift values are used to displace an independently generated random

scatterer distribution. The RF lines are generated by convolving the scatterer distribution with the
ultrasound transmit pulse.

The various steps in the process are as follows:

Step 1:
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The finite element software, FEMLAB™ (Comsol Inc, Stockholm, Sweden) is used
to generate the temperature distribution for conditions representative of a HIFU heating
experiment. The spatial profile of the acoustic heat source due to ultrasonic absorption in
the medium is assumed to be known a priori (from computations of a linear acoustic
propagation code), and read into the FEMLAB environment from an archived MATLAB
data file. FEMLAB employs the finite element method for solving the heat transfer
equation. The first step in the simulation is to setup the geometry and the finite element
mesh. 2-D axisymmetry of the HIFU beam profile is employed in the simulations to
reduce the computation time. A screenshot of the FEMLAB interface showing the
axisymmetric axis and the finite element mesh is shown in Figure A.2. Values for thermal
diffusivity, heating rate due to ultrasonic absorption, and initial conditions are input
through the various visual interface dialog boxes in the FEMLAB software environment.
A sample temperature distribution for a HIFU heating experiment is shown in Figure A.3.
Typically, temperature maps at a number of discrete time instants during the HIFU

exposure is simulated, and used in the subsequent steps.
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Figure A.2 (a) Simulation geometry with axisymmetry along the HIFU beam propagation axis (b)
Finite element mesh with higher mesh element density near the focal zone of the HIFU transducer. The
geometric focus of the HIFU transducer is located at (0, 0).
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Figure A.3 Temperature profile computed using the finite element implementation of the BHTE. The
leftmost vertical edge represents the axisymmetry axis. The HIFU beam propagates upward.

It may be noted that within the geometry, the temperature field is evaluated at the
nodes of the FEMLAB finite element mesh. This mesh is typically non-uniform with
arbitrary spacing between the nodes. However, when working in the ultrasound RF data
space, typically a standard rectilinear grid with uniform spacing is employed. The spacing
along the depth direction is determined by the sampling rate of the ultrasound system.
Hence, to map temperatures from the non-uniformly spaced FEMLAB mesh to the
rectangular grid, a set of MATLAB routines have been developed. These are built using
the FEMLAB interpolation functions provided through the MATLAB interface. The
temperature field is re-sampled at the location of the ultrasound scatterers, and at each
scatterer position a temperature estimate is obtained.

Step 2:

In this step, the simulated temperature maps are mapped into sound speed using a
known mapping between sound speed and temperature. Figure 3.2 represents such a
mapping for porcine liver tissue. From these maps, the change in sound speed at each
time instant with respect the initial sound speed is calculated, and the effective shift in the

scatterer location is computed using equation 3.4.
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Step 3:

A 2-D scatterer distribution was independently generated in MATLAB. The scatterer
amplitudes were derived from a Gaussian distribution, and the scatterers were uniform
distributed. A sample scatterer distribution along a RF A-line with 40 scatterers per

wavelength is shown in Figure A.4.
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Figure A.4 Scatterer distribution along a RF A-line. The vertical axis represents the scattering strength and
the horizontal axis is along the depth direction. Negative values for scattering strength are used to represent
180 degree phase shifts in the reflected signal.

The ultrasound system parameters were chosen to closely represent a standard
ultrasound scanner. An example of a broadband ultrasound pulse with a 5 MHz center

frequency with 60% spectral bandwidth is shown in Figure A.5.
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Figure A.5 (a) Ultrasound transmit pulse used in the simulations with center frequency of SMHz and
bandwidth of 50%. (b) Frequency spectrum for the pulse shown in (a).

Step 4:
The scatterer shift profiles generated in Step 2 are used to translate the scatterer field

independently generated in step 3, to produce the shifted scatterer distribution. The
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magnitude of the scatterer location shift would depend on the temperature rise and
magnitude of the ¢(7) mapping. The transmit pulse is then convolved with the scatterer
distribution to obtain the simulated RF lines. A convolutional model with only single
scattering is assumed for this purpose. The simulated RF signals are input into the various
data analysis programs developed in this dissertation, and were used to validate the
accuracy of time shift estimators, compare between different classes of estimators and
test the performance of different algorithms. A typical scatterer shift profile along an A-
line passing through the HIFU heating zone is shown in Figure A.6. Figure A.7 shows a

pair of RF lines for two frames, one acquired before heating commenced and the other

during heating.
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Figure A.6 Scatterer shift along the depth direction. The focus of the HIFU transducer is located at the
origin along the horizontal axis. Note the steep gradient in scatterer shift around the HIFU focus.
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Figure A.7 Simulated RF signals generated before therapy commenced and during heating. The origin
along the horizontal axis represents the location of the geometric focus of the HIFU transducer.
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APPENDIX B: RELATION BETWEEN TEMPERATURE
INDUCED STRAIN (¢) AND TEMPERATURE (T)

When a region of tissue is heated, the backscattered ultrasound signals (RF) from the
region experience shifts in the echo locations. These shifts are due to a combination of
two effects, changes in the local sound speed of the medium with temperature and tissue
thermal expansion. Spatial derivatives of the shifts taken along the depth direction are
referred to as temperature induced strain ¢. The sound speed varies non-monotonically as
a function of temperature over the therapeutic range of interest and can be represented by
a quadratic polynomial for tissues with high water content. The echo shift due to thermal
expansion would either be in the same direction as the sound speed change or would
oppose it. This depends on the boundary conditions employed and the geometry of the
sample. For the sake of discussion in this section, only the cumulative strain obtained
after adding the two effects is considered. In this section, typical plots of ¢ for different
temperature ranges are presented. These plots illustrate the influence of the
non-monotonic sound speed versus temperature relationship on the observed strain
profiles. For comparison, differences in the strain profiles between a monotonic and
non-monotonic ¢(7) relationship is presented. The monotonic &(7) relation is represented
by a linear polynomial of the form e= a*T + ¢, and the non-monotonic relation is
represented by a quadratic polynomial as e= b*T° + a*T+ ¢, where a, b and c are
numerical constants that are typically tissue type and sample specific. It can be seen from
the results that differences in the echo shift profiles for these two cases are subtle, and
this makes the estimation of the second order term & for the non-monotonic &(7) relation
challenging.

Consider a simulated 2-D axisymmetric temperature field around the focus of a
HIFU transducer. The 1-D temperature profile along a scan line passing through the focus
of the HIFU transducer is shown in Figure B.1. The HIFU transducer is located at the left
of the image. The line plots in the figure represent different times during HIFU heating.

These temperature estimates were mapped to strain using two model ¢(7) curves — one
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assuming a linear relation and the other assuming a quadratic polynomial relation. Figure

B.2 shows plot of the linear and quadratic relationship as a function of temperature.
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Figure B.1(a) B-mode image showing the location of the HIFU focus. The HIFU transducer is placed at

the left of the image. (b) Temperature distribution in and around the HIFU focus in degrees Celsius along
the red vertical line in (a).
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The strain profiles along the depth direction for the linear and quadratic polynomial

cases are shown in Figure B.3(a) and (b). It can be observed that soon after HIFU heating

commences, the green plots in both figures have similar shapes. This is expected because

at this early time, the maximum temperature is around 60°C and hence the polynomial

&(T) can be approximately by a linear relation in this temperature range. The key
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difference between the green plots in the two figures is that the peak is broader for the

quadratic relationship since the &(7T) starts to flatten out near 60°C.
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Figure B.3 Simulated strain (¢) profiles for (a) Linear and (b) Quadratic &7) relationship

At later times, the strain profiles generated from the quadratic relation show a dip
near the geometric focus of the HIFU transducer. Moreover, for typical HIFU focal spot
dimensions (1 mm) such as that used in this simulation, the dip in the strain occurs over a
very small spatial region and must be accurately resolved to be able to estimate the
strains accurately. Figure B.4 shows the cumulative echo shift obtained by summing the
strain maps along the depth direction. Note the subtle difference between the linear and
quadratic case. The difference is limited to the small spatial region around the focus with
the overall shape of the profiles remaining the same for most part of the curve. This result
shows that the influence of the quadratic term b is localized to a small region around the
HIFU focus. The ability to resolve the dip relies on the ability of the strain estimation
algorithms to compute these rapidly varying local strains, and imposes limitations on the
length of the cross-correlation windows and filter lengths applied. A large correlation
window, although preferred for improving the local signal to noise ratio, could smear the
rapidly varying local echo shifts.

The steep thermal gradients around the HIFU focus result in localized strain changes

over a narrow spatial region. This is further complicated by the quadratic relation
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between temperature and strain which reduces the sensitivity of strain to temperature
change. If the echo shifts vary significantly across a cross-correlation window, it results
in biased estimates [133] since the cross-correlation estimators are based on the

assumption that the shift is constant within the entire window.
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Figure B.4 Scatterer location shift profiles for the (a) Linear and (b) Quadratic &(T) relationship
corresponding to the strain profiles in Figure B.3.

To improve the signal to noise ratio, larger correlation window lengths are usually
preferred. However, this is at the cost of spatial resolution. A possible solution is to
increase the extent of the heated zone by defocusing the HIFU beam, so that the strains
corresponding to higher temperatures occur over a larger region and can be more easily
resolved. This is especially essential for estimating the terms in the quadratic &(7)
relationship noninvasively with high accuracy. The second order term b especially can be

estimated with greater accuracy if high temperatures occur over a larger spatial region.
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APPENDIX C: RF DATA ANALYSIS PROGRAMS AND
GRAPHICAL USER INTERFACES

Software programs to implement the algorithms developed in Chapters 3, 4 and 5 on
RF data, acquired from the HDI 1000 ultrasound scanner, were developed using
MATLAB™. The implementation details of these programs are presented in this section.
To enhance the usability of the programs, graphical user interfaces (GUI) were developed
using the built-in tool MATLAB GUIDE. The details of the programs and their features
are presented below. The programs can be divided into the following categories based on

their functions:

C.1.HDI 1000 RF data analysis GUI

This program parses the data file containing RF frames, collected using the HDI
1000 during the HIFU experiment. The user interface allows visualization of desired
portions of the data as A-lines or B-mode images, and calls other routines that compute
temperature induced strain, thermal diffusivity and acoustic parameters. The MATLAB
interface with FEMLAB, used to compute simulated temperature profiles for use in the
model-based temperature estimation algorithm, is also implemented within this
GUI-based program. A screen shot of the GUI is shown in Figure C.1. The RF data file is
first read in. The sub-routines in the GUI then parse the data, and generate matrices that
hold the B-mode image data and the RF data for all the frames in the sequence. The
various buttons and edit boxes shown on the GUI are used to set the processing
parameters and control options. All buttons required to provide a particular functionality
are grouped together. The button group marked A on the figure is used to select subsets of
RF frames that need to be processed in the current data set. The start frame and end frame
can be selected and the spacing between frames can be chosen. After the desired frames
have been loaded, the set of sliders marked B allow the user to scroll through the data in
time, and view the B-mode images and RF data series from a desired region of interest.
These are displayed in the corresponding panels on the GUI For a given frame, the set of

lines to be processed is selected by button group C. This is especially useful for A-line
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based RF processing algorithms where only a few selected RF lines are to be processed.

The buttons in group D can be used to select parts of the RF A-line for processing. This is

especially useful for data sets collected during HIFU heating, where the changes are

localized over a small region in space. The parameters for the processing algorithms are

selected using the buttons in group E and F. The cross-correlation algorithm parameters

such as window length and window overlap are selected in E. These parameters are

expressed in terms of RF sampling points. The button group F sets the signal processing

parameters for sub sample interpolation and the numerical methods applied for the

estimation of thermal diffusivity. The push buttons in group G are then used to select the

processing to be applied on the RF data set. The various processing algorithms are

implemented as sub-functions of this main GUL
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Figure C.1 Screen shot of graphical user interface developed for analysis of RF data acquired from the
HDI 1000 ultrasound scanner.
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C.2.Heat Source Estimation GUI

This GUI was developed to implement the noninvasive heat source (Q) estimation
algorithm presented in Chapter 4. FEMLAB simulations for a given acoustic heat source
(Q) are simulated in the background and the temperature information is output to this
GUI. Measured acoustic and thermal parameters are input in the GUI and used to
compute the calculated heat source for comparison. A screenshot of the GUI is shown in
Figure C.2. The various buttons are grouped by function as shown in the figure. For a
heat source value entered in button group A, the bioheat equation is solved using
FEMLAB (via the MATLAB command line interface) to compute the 2-D temperature
maps. The temperature profiles at selected points in the 2-D map are then plotted in the
figure. The heat source is iteratively modified until the focus temperature reaches boiling.
For computing the calculated in sifu value to compare with the estimated value, the long
list of buttons in group B are used to enter the various acoustic and thermal parameters
required for the calculation. The difference between the calculated and estimated values

is shown in the indicator marked C.
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Figure C.2 Screen shot of graphic user interface designed to implement the noninvasive heat source
estimation technique
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C.3.Boiling Onset Detection GUI

This GUI allows the user to read in an audio file collected with the stethoscope
during HIFU exposure and perform spectral analysis on the data to detect the time instant
corresponding to the onset of boiling. Various spectral analysis parameters such as
window length, overlap and the number of points in the FFT computation can be set from
this GUIL A screen shot of the GUI is shown in Figure C.3. The stethoscope data and
thermocouple temperature output are shown in the corresponding panel on the GUI. The
button group A allows the user to enter the processing parameters for computing the
spectrogram. The spectrogram is shown in a separate plot on the right side of the GUI.
The lower right plot shows the instantaneous power in the signal. The vertical red slider
can be stepped through this plot to locate the time instant when boiling was initiated. The
buttons marked B are used to load the data files and activate the spectral analysis routines
to compute the spectrogram. The results of this boiling detection GUI are typically used

in the heat source estimation GUI to noninvasively estimate the in situ heat source.
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Figure C.3 Screen shot of the graphical user interface developed to implement the noninvasive boiling
onset detection technique.
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