1662

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 62, NO. 9, SEPTEMBER 2015

Harmonic Motion Imaging for Abdominal
Tumor Detection and High-Intensity
Focused Ultrasound Ablation Monitoring:
An In Viwwo Feasibility Study in a Transgenic

Mouse Model of Pancreatic Cancer

Hong Chen, Member, IEEE, Gary Y. Hou, Yang Han, Member, IEEE, Thomas Payen, Member, IEFE,
Carmine F. Palermo, Kenneth P. Olive, and Elisa E. Konofagou, Member, IEEE

Abstract—Harmonic motion imaging (HMI) is a radiation-
force-based elasticity imaging technique that tracks oscillatory
tissue displacements induced by sinusoidal ultrasonic radiation
force to assess the resulting oscillatory displacement denoting
the underlying tissue stiffness. The objective of this study was
to evaluate the feasibility of HMI in pancreatic tumor detec-
tion and high-intensity focused ultrasound (HIFU) treatment
monitoring. The HMI system consisted of a focused ultrasound
transducer, which generated sinusoidal radiation force to in-
duce oscillatory tissue motion at 50 Hz, and a diagnostic ul-
trasound transducer, which detected the axial tissue displace-
ments based on acquired radio-frequency signals using a 1-D
cross-correlation algorithm. For pancreatic tumor detection,
HMI images were generated for pancreatic tumors in trans-
genic mice and normal pancreases in wild-type mice. The ob-
tained HMI images showed a high contrast between normal
and malignant pancreases with an average peak-to-peak HMI
displacement ratio of 3.2. Histological analysis showed that no
tissue damage was associated with HMI when it was used for
the sole purpose of elasticity imaging. For pancreatic tumor
ablation monitoring, the focused ultrasound transducer was
operated at a higher acoustic power and longer pulse length
than that used in tumor detection to simultaneously induce
HIFU thermal ablation and oscillatory tissue displacements,
allowing HMI monitoring without interrupting tumor ablation.
HMI monitoring of HIFU ablation found significant decreases
in the peak-to-peak HMI displacements before and after HIFU
ablation with a reduction rate ranging from 15.8% to 57.0%.
The formation of thermal lesions after HIFU exposure was
confirmed by histological analysis. This study demonstrated
the feasibility of HMI in abdominal tumor detection and HIFU
ablation monitoring.
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I. INTRODUCTION

PANCREATIC cancer is the fourth leading cause of can-
cer death, with the worst prognosis of any major tu-
mor type [1]. Pancreatic ductal adenocarcinoma (PDA)
constitutes more than 90% of pancreatic cancer cases.
More than 80% of PDA patients are diagnosed at an ad-
vanced stage because there is no simple early detection
method [2]. Because diagnosis is frequently delayed, these
patients are not suitable for surgical resection, which is
the only potentially curative treatment. Non-operative
therapies have been investigated for pancreatic tumor
therapy, among which high-intensity focused ultrasound
(HIFU), as an emerging technology, holds great promise
as a noninvasive, nonionizing, and localized tumor abla-
tion method [3]. Preliminary clinical studies have shown
that HIFU is safe and feasible for palliative treatment
of patients with unresectable pancreatic cancer [4], [5].
However, the clinical applicability of HIFU for pancreatic
cancer treatment is impeded by the lack of affordable and
robust treatment guidance techniques. Here, guidance is
interpreted in the broadest sense to include pretreatment
planning, HIFU focus localization, real-time monitoring of
treatment procedure, real-time feedback control of expo-
sure, and quantitative assessment of thermal lesions.
Currently, clinical HIFU treatment guidance uses either
magnetic resonance imaging (MRI) or ultrasound imag-
ing. MRI-guided focused ultrasound (MRgFUS) is capable
of providing high-resolution images for treatment target-
ing, temperature monitoring, and post-treatment visual-
ization of the thermal lesion [6]. Despite its advantages,
MRI is costly, lacks portability, and imposes complex elec-
tromagnetic compatibility issues. B-mode ultrasound has
been another imaging technique used commonly in clinical
practice for HIFU monitoring. It has permitted visualiza-
tion of severe tumors for treatment targeting. However,
it is challenging to perform ultrasound-guided HIFU in
patients with tumors that cannot be easily detected by
B-mode imaging. Moreover, B-mode imaging-based ther-
mal ablation monitoring relies on the presence of hyper-
echoic signatures formed by the enhanced reflection from
cavitation or boiling bubbles induced by HIFU, which is
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not a precise marker for thermal ablation [7]. Therefore,
ultrasound-guided HIFU treatment requires an imaging
technique that is reliable in both detecting tumors for
treatment planning and monitoring thermal ablation for
treatment monitoring.

Ultrasound elasticity imaging is a widely investigated
technology that has great potential for tumor detection
and HIFU lesion monitoring based on the distinctive me-
chanical properties of tumors and thermal lesions com-
pared with healthy tissue and untreated tissue, respective-
ly. All elasticity imaging techniques involve mechanical
excitation of the tissue and tracking of the tissue response.
The mechanical excitation can be provided by acoustic ra-
diation force, external excitation [i.e., elastography, sono-
elasticity, transient elastography, and magnetic resonance
elastography (MRE)], or internal physiologic motion (e.g.,
myocardial elastography). Radiation-force-based elasticity
imaging methods remotely interrogate tissue mechanical
properties by generating impulsive radiation force [i.e.,
acoustic radiation force impulse imaging (ARFI), spatial-
ly modulated ultrasound radiation force (SMURF), shear
wave elasticity imaging (SWEI), supersonic shear imaging
(SSI), shear wave spectroscopy (SWS), and comb-push ul-
trasound shear elastography (CUSE)], or harmonic radia-
tion force [i.e., vibro-acoustography, shear wave dispersion
ultrasound vibrometry (SDUV), crawling wave sonogra-
phy (CWS), and harmonic motion imaging (HMI)] [8].
HMI, the focus of this study, assesses relative tissue stiff-
ness by tracking oscillatory tissue displacements (i.e., si-
nusoidal displacements at a specific frequency) induced by
sinusoidal radiation force (i.e., harmonic radiation force)
[9]. HMI uses two confocally-aligned ultrasound transduc-
ers: one focused ultrasound transducer driven by an am-
plitude-modulated continuous pulse for generating the si-
nusoidal radiation force within its focal zone and the other
diagnostic imaging transducer for detecting the induced
oscillatory tissue displacements. In general, the ampli-
tudes of the oscillatory tissue displacements are inversely
proportional to the tissue stiffness and thus provide quali-
tative estimation of tissue stiffness within the focal region.

Similar to many other elasticity imaging techniques,
HMI can be used for both tumor detection and HIFU
treatment monitoring; however, it has three unique ad-
vantages. First, like other methods that employ harmonic
radiation forces (e.g., vibro-acoustography, SDUV, and
CWS) to induce an oscillatory tissue motion, HMI allows
efficient reduction of various noises generated by physi-
ologic motion in displacement estimation, because the
frequencies of those noises generated by physiologic mo-
tion, such as breathing, blood flow, and digestive tract
movements, are distinct from the frequency of the oscilla-
tory tissue motion induced [10]. For HIFU monitoring, the
oscillatory tissue motion also allows separation of tissue
mechanical property changes from speed of sound chang-
es, because the latter introduce a linear shift in the HMI
displacement in time, which can be easily separated from
oscillatory tissue motion [11]. Second, the FUS transducer
can be operated for the sole purpose of elasticity imag-
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ing without causing thermal ablation; meanwhile, it can
also be operated in HIFU regimes, allowing simultaneous
HIFU thermal ablation and ablation monitoring without
stopping the HIFU treatment. For the sole purpose of
elasticity imaging, the need for two transducers is a dis-
advantage of HMI; however, the FUS transducer can be a
separate add-on system to be used with any standard clin-
ical scanner for HMI, whereas other radiation-force-based
elasticity imaging techniques that use a single transducer
require customized ultrasound scanners. Third, HMI uses
a FUS transducer to generate the radiation force, whereas
most other radiation-force-based techniques use a diagnos-
tic ultrasound probe to generate the radiation force. The
radiation force generated by the FUS transducer can be
much higher than that generated by an imaging probe. It
is beneficial for inducing detectable displacements in deep-
seated, stiff abdominal tumors, such as the PDA. PDA is
known to be a firm mass because of the presence of a dense
collagenous stroma caused by desmoplastic reaction [12].
The use of the FUS transducer to generate the radiation
force is especially important for inducing detectable dis-
placements in HIFU-ablated tumors, which normally has
even increased stiffness relative to tumors before HIFU
ablation. Because of these unique advantages, HMI has
great potential in pancreatic tumor detection and HIFU
treatment monitoring.

For pancreatic tumor detection, both endoscopic and
transabdominal ultrasound elasticity imaging techniques
have been used in clinical studies as new approaches for
evaluating pancreatic diseases based on the elasticity of
pancreases. Endoscopic elastography is currently the most
frequently used approach for elastographic examination
of the pancreas [13]; however, it is minimally invasive and
requires anesthesia, which limits its application only to
selected patient population. Currently, ARFI and SWEI
methods have been implemented on a Siemens Acuson ul-
trasound scanner (Siemens Medical Solutions Inc., Moun-
tain View, CA, USA) as Virtual Touch Tissue Imaging
and Virtual Touch Tissue Quantification, respectively [8].
Both techniques have been demonstrated useful for diag-
nosing pancreatic tumors, pancreatic fibrosis, and pancre-
atitis [14]-[17]. Although noninvasive, making these two
methods appropriate for screening asymptomatic patients,
their successful application in the abdominal organs faces
a unique challenge: they are sensitive to physiologic mo-
tion [14]. Harmonic radiation-force-based elasticity imag-
ing methods, such as HMI, can be more robust to physi-
ologic motion because they use harmonic radiation force
excitation at a specific frequency, which allows effective
isolation of the acoustic radiation-force-induced tissue dis-
placements from physiologic motion in the imaging plane.

For HIFU treatment monitoring, several elasticity
imaging techniques have been developed for monitoring
changes in tissue elasticity during HIFU treatment, in-
cluding MRE [18], ultrasound quasi-static elastography
[19], [20], SSI [21]-[23], ARFI [24], [25], and HMI [10],
[26]. MRE has been proven to be feasible for assessing
HIFU-induced thermal lesions [18]; however, it has the



1664

limitations of MRI, as mentioned before. Among all the
ultrasound-based elasticity imaging techniques, quasi-
static elastography is so far the only technique applied in
human patients for HIFU monitoring. It uses a balloon at-
tached to a transrectal probe to apply static compression
to prostates for visualizing HIFU lesions formed in the
prostate [27]. The application of this technique is limited
to superficial targets of interest because the balloon must
be in direct contact with the targets to generate suffi-
cient compression for elastography. Moreover, the HIFU
treatment must be stopped for tissue compression, which
significantly increases the treatment duration. Radiation-
force-based imaging techniques, including ARFI, SSI, and
HMI, use remote tissue interrogation instead of direct
compression. For the application of ARFI in HIFU moni-
toring, Bing et al. [24] demonstrated the feasibility of using
a diagnostic ultrasound system operated using a custom-
ized beam sequence to ablate ex vivo liver and monitor the
resulting tissue stiffening using ARFI. Later, Lizzi et al.
[25] utilized short radiation force impulses generated by a
HIFU transducer to induce tissue displacements without
causing significant tissue heating and used another imag-
ing probe to detect the displacements for tissue stiffness
assessment at intervals during HIFU exposures. For the
application of SST in HIFU monitoring, Bercoff et al. [21]
proposed the use of SSI to detect and quantify the hard-
ness of HIFU-induced lesions after HIFU ablation. Arnal
et al. [22] tested the feasibility of SSI for real-time HIFU
therapy monitoring in vivo on sheep muscle. SSI is ca-
pable of extracting quantitative tissue elasticity estimates
because the speed of a shear wave is proportional to the
tissue shear modulus. Nevertheless, both SSI and ARFI
require HIFU treatment to be turned off during imaging,
which significantly increases the treatment duration and
reduces the efficiency of an already lengthy HIFU treat-
ment procedure. Moreover, neither technique has been
tested in tumors n vivo.

Because of the unique advantages of HMI in tumor
detection and HIFU monitoring, it has become the only
radiation-force-based imaging technique that has been
proved feasible for in vivo HIFU tumor ablation monitor-
ing [10], [26]. Maleke et al. [10] demonstrated the feasibil-
ity of a 2-D HMI system with a phased-array imaging
probe for monitoring HIFU breast tumor therapy using
a transgenic breast cancer mouse model in vivo. Curiel et
al. [26] investigated the feasibility of a 1-D HMI system in
monitoring and controlling HIFU ablation of subcutane-
ously implanted VX2 tumors in rabbits. They found that
significant decreases in tissue displacement amplitudes
could be used to validate tissue coagulation and control
HIFU treatment. However, no study has been performed
using HMI in HIFU ablation monitoring of abdominal tu-
mors, such as pancreatic tumors.

This objective of this study was to evaluate the feasibil-
ity of HMI in pancreatic tumor detection and HIFU abla-
tion monitoring using a transgenic mouse model of PDA
that closely mimics human PDA. The feasibility of HMI
in pancreatic tumor detection was assessed by comparing
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Fig. 1. (a) Hlustration of the experimental setup. (b) Picture of the 1-D
HMI transducer pair. (c) Picture of the 2-D HMI transducer pair.

the peak-to-peak HMI displacements of pancreatic tumors
with normal pancreases. The feasibility of HMI in pan-
creatic tumor HIFU ablation monitoring was evaluated
by estimating peak-to-peak HMI displacement changes
in pancreatic tumors during HIFU ablation. The results
demonstrated the potential of HMI as an elasticity imag-
ing technique in providing guidance for HIFU ablation of
abdominal tumors.

II. MATERIALS AND METHODS
A. Experimental Setup

A schematic illustration of the main components of the
HMI system is shown in Fig. 1(a). 1-D and 2-D HMI sys-
tems were used in this study. Both systems can be used for
tumor detection and HIFU treatment monitoring. In this
study, the 1-D system was used for pancreatic tumor de-
tection, because the 1-D system (using a 7.5-MHz single-
element pulse—echo transducer) provided higher spatial
resolution than the 2-D HMI system (using a 2.5-MHz
phased-array imaging transducer), whereas the 2-D HMI
system was used for pancreatic tumor HIFU treatment
monitoring to provide a 2-D view of the HIFU targeted
region. A brief description of these two systems follows.
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For more details, please refer to our group’s previous pub-
lications 28], [29].

The 1-D HMI system comprised a single-element FUS
transducer (center frequency = 4.755 MHz, Riverside Re-
search Institute, New York, NY, USA) and the 7.5-MHz
single-element pulse—echo transducer (Olympus-NDT,
Waltham, MA, USA) [Fig. 1(b)]. The FUS transducer
was driven by amplitude-modulated sinusoidal signals
generated by a dual-channel arbitrary waveform genera-
tor (AT33522A, Agilent Technologies Inc., Santa Clara,
CA, USA) and amplified by a nominal 50-dB gain power
amplifier (325LA, E&I, Rochester, NY, USA). The pulse-
echo transducer was confocally aligned through a hole in
the center of the FUS transducer. The pulse—echo trans-
ducer was operated at a pulse repetition frequency (PRF)
of 1 kHz using a pulser/receiver (Olympus-NDT). The
received RF signals from the pulser/receiver were filtered
by a band-pass filter (Reactel Inc., Gaithersburg, MD,
USA) with cutoff frequencies of f; = 5.84 MHz and f»
= 8.66 MHz to remove the interference of the FUS beams
and then recorded by a digitizer (Gage Applied Technolo-
gies Inc., Lockport, IL, USA) at a sampling frequency of
100 MHz. For the synchronization of RF signal acquisition
and FUS exposure, the digitizer was triggered by the func-
tion generator’s sync signals. The coupled transducer pair
was mounted onto a 3D positioning system (Velmex Inc.,
Bloomfield, NY, USA).

The 2-D HMI system consisted of a 93-element FUS
phase array transducer (center frequency = 4.5 MHz;
H-178, Sonic Concepts Inc., Bothell, WA, USA) and a
64-element phase array imaging probe (center frequency =
2.5 MHz, P4-2, ATL Ultrasound, Bothell, WA, USA) [Fig.
1(c)]. In this feasibility study, the 93 elements of the FUS
transducer were driven in phase using the same function
generator and power amplifier as the 1-D system; thus, no
electronic steering of the FUS focus was employed. The
imaging probe was inserted through the hole in the center
of the FUS transducer and confocally aligned with it. The
imaging probe was operated by a research ultrasound im-
aging system (V1, Verasonics, Bothell, WA, USA). For the
synchronization of the data acquisition by the Verasonics
system and the FUS exposure, the FUS transducer was
simultaneously triggered by the Verasonics system.

B. Animal Experiment Protocol

In accordance with the National Institutes of Health
guidelines for animal research, all animal procedures were
reviewed and approved by the Institutional Animal Care
and Use Committee of the Columbia University. The ani-
mal model used was a transgenic mouse model of PDA, K-
raslSL-G12D/+, p53RIT2H/+: PdxCre (KPC) mice [30], [31].
The KPC mice develop pancreatic tumors with patho-
physiological and molecular features resembling those of
human PDA [30]. Because the KPC mice enrolled in our
study were all at the late stage of their lives (their tumor
diameters were larger than 5 mm), the pancreatic tumors
could spread to the whole pancreas; therefore, wild-type
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mice (strain: C57BL/6, age: 6-8 weeks, Harlan Sprague
Dawley Inc., Indianapolis, IN, USA) were used as the
healthy control in the pancreatic tumor detection study.

During the whole procedure, mice were anesthetized
with 1% to 2% isoflurane in oxygen. They were placed
supine on a heating pad. Their abdomen was depilated
using depilatory cream and cleaned. Then, a water con-
tainer filled with degassed water was placed on the abdo-
men and coupled with degassed ultrasound gel [Fig. 1(a)].
The bottom of the water container had a window sealed
with an acoustically and optically transparent membrane
(Tegaderm, 3M, St. Paul, MN, USA).

To precisely locate the pancreas, a high-frequency ul-
trasound imaging system (Vevo 770, VisualSonics Inc., To-
ronto, Canada) coupled with a high-frequency ultrasound
probe (RMV-707B with 30 MHz center frequency) was
used. The Vevo probe was attached to the 3-D position-
ing system shown in Fig. 1(a). The mouse abdomen was
then scanned by the Vevo system using B-mode imaging
to localize pancreatic tumors in the KPC mice or normal
pancreases in the wild-type mice. Under the guidance of
the Vevo system, a grid was then placed in the water con-
tainer above the mouse and adjusted so that the node on
the grid was directly above the targeted tumor location.
The Vevo probe was then replaced by either the 1-D or 2-D
HMI transducer pair, consisting of the confocally aligned
FUS transducer and imaging probe. The imaging probe of
the HMI transducer pair was then used to align the focus
of the HMI transducer pair to the node on the grid. For
the 1-D HMI system, raster scan of the grid by the pulse—
echo transducer was performed to locate the node, which
was similar to the technique our group developed before
[32]. For the 2-D HMI system, B-mode images acquired
with the HMI imaging probe were used to locate the node.
The height of the HMI transducer pair was subsequently
adjusted so that its focus was within the tumor. Here, we
note that the 2-D HMI imaging probe was capable of iden-
tifying the location of the tumor when the tumor size was
sufficiently large; however, its resolution was insufficient for
unequivocally outlining the boundary of the tumor, thus
the Vevo system was used to assist with tumor targeting.

C. HMI Data Acquisition

The feasibility of HMI in pancreatic tumor detection
was evaluated using the 1-D HMI system by comparing
the peak-to-peak HMI displacements of pancreatic tumors
in the KPC mice (n = 3) against normal pancreases in
wild-type mice (n = 3). To form 2-D HMI images using
the 1-D HMI system, the focal point of the HMI trans-
ducer pair was moved across a transverse plane with a
width of 10 mm in a point-by-point raster scan pattern
with a step size of 0.25 mm. At each spot, the FUS ex-
posure was 200 ms long, during which 200 A-mode RF
lines at 1 kHz pulse repetition frequency (PRF) were ac-
quired at a sampling frequency of 100 MHz. With such a
high PRF, decorrelation in displacement estimation can
be minimized. The FUS acoustic power measured in water
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TABLE 1. PARAMETERS OF THE HMI SYSTEMS.

Parameter

1-D HMI system

2-D HMI system

FUS transducer

Type

Center frequency

Duty cycle

Acoustic power

Exposure time

Amplitude-modulation frequency

Focal region size

(Full-width at half-maximum)
Imaging transducer

Type

Center frequency

Sampling frequency

PRF /frame rate

Single element

Single element

93-element array

4.755 MHz 4.5 MHz
100% 100%

5.04 W 7.56 W

200 ms 120 s

25 Hz 25 Hz

7 x 0.7 mm 1.7 x 0.4 mm

64-element array

7.5 MHz 2.5 MHz
100 MHz 80 MHz
1 kHz 1 kHz

was 5.04 W. The 200-ms FUS exposure induced 10-cycle
tissue oscillations at 50 Hz. In each mouse, parallel trans-
verse planes with 1 or 2 mm apart were scanned using the
1-D HMI system. The main 1-D HMI system parameters
are summarized in Table I.

A total of 6 KPC mice were enrolled for HIFU ablation
monitoring. Guided by Vevo B-mode images, 1 to 3 HIFU
targeted locations were selected in each tumor in regions
where there were no intestine or stomach in the acoustic
path to ensure there was no obstruction of HIFU beam
by bowel gas. One mouse without such an acoustic win-
dow was excluded from the data analysis. The 2-D HMI
system was used for HIFU ablation monitoring. The FUS
transducer was operated to induce HIFU thermal ablation
and oscillatory tissue displacements at the same time, al-
lowing HMI monitoring without interrupting tumor abla-
tion. Prior to HIFU ablation, a standard B-mode image of
the targeted region was acquired using the HMI imaging
probe. Then, HIFU with an acoustic power output of 7.56
W in water was applied for 120 s. Previous studies by
our group demonstrated that the same HIFU treatment
protocol consistently generated thermal lesions by slow
denaturation without producing extensive boiling effects
in ex vivo canine livers and HMI detected significant de-
creases in HMI displacement amplitudes before and after
HIFU ablation [28]. Because HMI did not interrupt HIFU
ablation, HIFU sonication was operated with a duty cycle
of 100%. A custom ultra-fast flash imaging sequence for
the 64-element phase array imaging probe (64-element for
transmit and 64-element for receive) was developed using
the Verasonics platform. A GPU-based sparse-matrix al-
gorithm was used for fast beamforming [29]. About every
3 s during HIFU exposure, 200 beamformed frames at a
frame rate of 1 kHz were acquired during 200-ms HIFU
exposure. As with the 1-D HMI system, the 200-ms HIFU
exposure induced 10-cycle tissue oscillations at 50 Hz.
Here, we note that although the 200 image frames were
acquired every 3 s, the HIFU exposure was continuous
without interruption. A linear interpolation technique was
used to upsample the RF signals by a factor of 8 (a factor
chosen to improve precision in displacement estimation)
before saving to the host computer, achieving a sampling

frequency of 80 MHz. The main 2-D HMI system param-
eters are summarized in Table 1.

D. HMT Displacement Estimation

The main signal post-processing techniques were simi-
lar for the 1-D and 2-D HMI systems (Fig. 2). Each set
of the 200 RF lines acquired using the 1-D HMI system
at each raster scanning location during the 200-ms FUS
exposure was processed together. Similarly, each set of the
200 RF frames acquired at each time point using the 2-D
HMI system during 200-ms HIFU exposure was processed
together. Again, the 200-ms exposure induced 10-cycle tis-
sue oscillations at 50 Hz. The processing methods were
as follows: First, the interference of the FUS beam in the
received RF signals was removed. For the 1-D HMI pro-
cessing, the interference of the FUS beam was removed
by the analog band-pass filter as described previously. For
the 2-D HMI processing, it was achieved through digital
low-pass filtering (f.uof = 4 MHz) during post-processing
[Figs. 2(b) and 2(c)]. Second, the incremental axial tis-
sue displacements were estimated by performing a fast
1-D normalized cross-correlation between sequentially ac-
quired tracking lines [33] [Figs. 2(d) and 2(e)]. The RF
window size was equal to 10 wavelengths of the imaging
probe and the window overlap was 95%. Third, a linear
band-pass filter with cutoff frequencies of f.; = 30 Hz and
feo = 70 Hz was applied to the estimated displacements
along the temporal space to extract oscillatory tissue mo-
tion at 50 Hz [Figs. 2(f) and 2(g)]. It reduced lower fre-
quency noise stemming from breathing, blood flow, and
digestive tract movements, as well as higher frequency jit-
ter in displacement estimation. A threshold on the cross-
correlation coefficient (r > 0.9) was applied to eliminate
poor displacement estimates mainly in the coupling wa-
ter. Fourth, the mean peak-to-peak HMI displacement
and standard deviation of the 10-cycle oscillations at 50
Hz were calculated. Lastly, the aforementioned process-
ing was repeated at each raster scan point to reconstruct
the 2-D HMI images for pancreatic tumor detection or
repeated at each HIFU ablation time point to obtain HMI
images for HIFU treatment monitoring.
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Fig. 2. (a) Flowchart of HMI displacement estimation methods. (b) Temporal and (c) spectral plots of an RF signal before and after a low-pass
filtering (feutor = 4 MHz) used to remove interference of the FUS beam. The arrow in (b) points to the ultrasound pulse reflected from the mem-
brane at the bottom of the water cone connected to the FUS transducer. The rectangle highlights the RF signal from the mouse. The arrow in (c)
points to the center frequency of the FUS transducer at 4.5 MHz. (d) An example of the estimated incremental axial tissue displacement map using
sequentially acquired tracking lines. (e) The corresponding correlation coefficient map. (f) Temporal and (g) spectral plots of tissue displacements
before and after band-pass filtering with cutoff frequencies of f.; = 30 Hz and f., = 70 Hz to extract oscillatory tissue motion at 50 Hz. The arrow
in (f) points to high-level jitter observed in the displacement estimation. The arrow in (g) points to the oscillatory tissue motion frequency at 50 Hz.

For pancreatic tumor detection, the outlines of the pan-
creatic tumor and normal pancreas were manually delin-
eated on the Vevo B-mode images by a trained observer
without knowledge of the location and ultrasound param-
eters of each sonication. These outlines were applied to
the corresponding HMI images. The mean and standard
deviation of the peak-to-peak HMI displacement within
each outlined region were calculated for each scanning
plane. Finally, the mean HMI displacements calculated
from three parallel scanning planes were averaged to ob-
tain the final HMI displacement for each mouse.

For pancreatic tumor HIFU ablation monitoring, we
first identified the region with the maximum displacement
at the beginning of HIFU ablation (¢ = 0 s). In that re-
gion, the mean and standard deviation of the peak-to-
peak HMI displacement calculated based on the 200 RF
frames acquired at each time-point were obtained for the
whole HIFU ablation process. The percentage of HMI dis-
placement changes at the end of HIFU ablation (¢t = 117
s) over the initial displacement (¢ = 0 s) was calculated.

An unpaired two-tailed Student’s t-test using GraphPad
Prism (Version 5.01, GraphPad Software Inc., La Jolla,
CA, USA) was used to compare between the peak-to-peak
displacement amplitudes of pancreatic tumors and normal
pancreases. The same test was also used to compare HMI
displacement amplitudes of pancreatic tumors at the be-
ginning of HIFU ablation (¢ = 0 s) and at the end of HIFU
ablation (¢t = 117 s). A P-value of 0.05 was considered to
represent a significant difference.

E. Histological Analysis

All mice were immediately sacrificed after the previ-
ously described procedure. Pancreatic tumors in the trans-
genic mice and normal pancreases in the wild-type mice
were harvested for histological evaluation. The excised tis-
sue was first fixed in 4% paraformaldehyde. After post-fix-
ation processing, tissue was paraffin embedded, sectioned,
and stained with hematoxylin and eosin (H&E). Bright-
field microscopy images of the stained sections were ac-
quired and evaluated by a blinded, trained expert.
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Fig. 3. HMI images of (a) a normal pancreas and (c) a pancreatic tumor.
The corresponding Vevo B-mode images obtained at approximately the
same scanning planes using a 30-MHz high-frequency probe are shown
in (b) and (d), respectively. In (a), the location of the pancreas, as well
as the liver and kidney in its close proximity, was outlined based on the
corresponding Vevo B-mode image (b). In (c), the location of the pan-
creatic tumor was identified based on the corresponding Vevo B-mode
image (d).

III. RESuLTS

A. HMI for Pancreatic Imaging

A representative HMI image of the normal pancreas
is shown in Fig. 3(a). The location of the pancreas, as
well as the liver and kidney in its close proximity, was
outlined based on the corresponding Vevo B-mode image
obtained at approximately the same imaging plane [Fig.
3(b)]. The peak-to-peak HMI displacements of the normal
pancreas, liver, and kidney averaged within the outlined
regions were 19.9 4+ 1.8, 17.0 £ 2.2, and 12.2 4+ 4.1 pm
(mean =+ standard deviation), respectively. Fig. 3(c) shows
one example of the HMI image of a pancreatic tumor. The
tumor was confirmed by the corresponding Vevo B-mode
image [Fig. 3(d)]. The peak-to-peak HMI displacement of
the pancreatic tumor within the outlined region was 5.2
+ 0.8 pm (mean + standard deviation), which was signifi-
cantly lower than that of the normal pancreas.

When comparing the peak-to-peak HMI displacements
of the normal pancreases in the control group and pancre-
atic tumors in the KPC mouse group, a statistically signifi-
cant difference was found, as shown in Fig. 4(a). The aver-
age peak-to-peak displacement of normal pancreases (18.0
+ 1.7 pm) was 3.2 times higher than that of pancreatic
tumors (5.6 £ 0.9 pm). Histological analysis found no tis-

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 62, NO. 9, SEPTEMBER 2015

Fig. 4. (a) Summary of peak-to-peak HMI displacements of normal pan-
creases in the wild-type mice and pancreatic tumors in the KPC mice.
A statistically significant difference (p = 0.005) in HMI displacement
amplitudes was observed between the pancreatic tumors and normal
pancreases. H&E stained images of pancreatic tumors (b) without per-
forming HMI and (c¢) after performing HMI show no tissue damage was
induced by HMI. The scale bar represents 200 pm.

sue damage in normal pancreases and pancreatic tumors.
Figs. 4(b) and 4(c) show representative H&E stained im-
ages from a pancreatic tumor without performing HMI and
a pancreatic tumor after performing HMI, respectively. No
signs of tissue damage were found in Fig. 4(c).

B. HMI for Pancreatic Tumor HIFU Ablation Monitoring

Figs. 5(b)-5(f) show peak-to-peak HMI displacement
images obtained at different time points during HIFU
ablation. Fig. 5(a) presents the B-mode image acquired
before HIFU ablation using the same HMI imaging probe
in the same imaging plane, in which the locations of the
membrane at the bottom of the water container, the
mouse, and the tumor are highlighted. The tumor bound-
ary was drawn in reference to the corresponding Vevo B-
mode image. At HIFU exposure time ¢t = 0 s [Fig. 5(b)],
the HMI image clearly shows the location of the HIFU
focal region, where the peak-to-peak HMI displacement
was higher than all other regions. It shows that the HIFU
focal region was precisely targeted within the tumor. Figs.
5(b)-5(f) exhibit that the HMI displacements within the
focal region decreased over time.

Figs. 6(a) and 6(b) present the mean and standard de-
viation of the peak-to-peak HMI displacement over the
whole HIFU ablation process at the point with the highest
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Fig. 5. HMI monitoring of pancreatic tumor HIFU ablation. (b)—(f): Peak-to-peak HMI displacement images at different HIFU exposure time points.
(a) The corresponding B-mode image obtained at the same imaging plane using the same HMI probe before HIFU ablation. The locations of the
membrane at the bottom of the water container, the mouse skin, and the tumor (labeled T) are highlighted by dashed lines. The HIFU focal region,
where the peak-to-peak HMI displacement was higher than all other regions, was precisely targeted within the tumor. The HMI displacements within

the focal region decreased over time.

displacement at ¢t = 0 s for two representative cases. Fig.
6(a) displays the displacement curve for the case shown
in Fig. 5. These two curves representatively show two dis-
tinct trends in tissue displacement change during HIFU
ablation. Fig. 6(a) shows a trend of displacement decrease
over time, suggesting tissue stiffening during HIFU abla-
tion. Fig. 6(b) exhibits a displacement increase and then
decrease, denoting tissue softening followed by stiffening
during HIFU ablation. Nevertheless, both figures present
a consistent reduction in the HMI displacement ampli-
tudes at the end of the HIFU ablation (¢ = 117 s) when
compared with those at the beginning of HIFU ablation (¢
= 0 s) with a reduction rate of 24.4% and 31.5%, respec-
tively [Fig. 6(d)].

A summary of the mean and standard deviation of the
peak-to-peak HMI displacement before and after HIFU
ablation for 5 KPC mice at 11 HIFU exposure locations
is shown in Fig. 7(c). Signification decreases (t-test, p <
0.05) in the HMI displacement amplitudes after HIFU
ablation were observed in all locations [Fig. 6(c)]. Fig.
6(d) shows that all locations had a consistent reduction
in HMI displacement at the end of HIFU ablation when

compared with those at the beginning of HIFU ablation
with a reduction percentage ranging from 15.8% to 57.0%.
The H&E staining results confirmed that thermal lesions
were generated in the 5 mice. Representative images from
two mice are shown in Figs. 7(b) and 7(c).

IV. DISCUSSION

The clinical application of ultrasound-guided HIFU in
tumor ablation is currently limited by the lack of reliable
ultrasound imaging techniques for HIFU treatment guid-
ance. This study demonstrated for the first time the fea-
sibility of HMI in pancreatic tumor detection and HIFU
ablation monitoring using a transgenic mouse model of
PDA that closely recapitulates human disease.

This study demonstrated that HMI was capable of de-
tecting pancreatic tumors in a mouse model in vivo. It
was found that the peak-to-peak HMI displacement of
the pancreatic tumor was on the average 3.2 times lower
than that of the normal pancreas. Although tissue elastic-
ity cannot be directly quantified, this displacement con-
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Fig. 6. (a) and (b): Representative HMI displacement curves. Each curve shows the HMI displacement over the whole HIFU ablation process at the
point with the highest displacement at ¢ = 0 s. (a) HMI displacement curve for the case shown in Fig. 5. A trend of consistent reduction in HMI
displacement amplitude was observed in (a) and a trend of displacement increase followed by decrease was observed in (b). (¢) Summary of the mean
and standard deviation of the peak-to-peak HMI displacements before and after HIFU ablation at 11 HIFU exposure locations. Signification differ-
ence (t-test, p < 0.05) in the HMI displacement amplitude before and after HIFU ablation was observed in all locations. (d) Summary of the HMI
displacement amplitude decrease percentages at the end of HIFU ablation (¢ = 117 s) over the initial displacements at ¢ = 0 s. In (¢) and (d), data
points corresponding to the representative cases shown in (a) and (b) are labeled.

trast ratio still serves as an insightful qualitative indicator
for comparing the stiffness of different types of tissues,
considering that the applied radiation force was approxi-
mately at a similar level. In addition, HMI can also image
other abdominal organs besides the pancreas, such as the
liver and kidney, as shown in Fig. 3(a). Histological analy-
sis showed that when HMI was used for the sole purpose
of elasticity imaging, no tissue damage was found. The
feasibility of HMI in tissue stiffness detection has been
demonstrated in vitro, ex vivo, and in vivo [10], [11], [26],
[34]-[39]; however, for the first time, we demonstrated its
feasibility in imaging a deep-lying, stiff, moving abdomi-
nal tumor in mice.

Moreover, this study demonstrated that HMI is fea-
sible for monitoring HIFU ablation of pancreatic tumors
in a transgenic mouse model. HMI monitoring was per-

formed during HIFU ablation, without interrupting HIFU
treatment. It can be used for HIFU beam localization
for treatment targeting. As shown in Fig. 5(b), we can
clearly identify the HIFU targeted region, where the HMI
displacement amplitudes were higher than other regions.
Two different trends in tissue stiffness change during
HIFU ablation were observed: stiffening only [Fig. 6(a)]
and softening-then-stiffening [Fig. 6(b)]. We hypothesize
that these different trends were associated with the under-
lying structural differences at different targeted locations
[29], [37]. Statistic significant decreases in the peak-to-
peak HMI displacements were obtained in all HIFU ex-
posures [Fig. 6(c)] with decrease percentages ranged from
15.8% to 57.0% [Fig. 6(d)]. The formation of thermal le-
sions in all HIFU ablated mice was confirmed by histologi-
cal analysis (Fig. 7).

Fig. 7. Representative H&E stained images of (a) a pancreatic tumor without HIFU ablation and [(b) and (c¢)] two pancreatic tumors after HIFU
ablation. Thermal lesions were observed in the HIFU-treated tumors. The scale bar represents 500 pm.
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In summary, HMI, as a radiation-force-based elastic-
ity imaging technique, provides a robust HIFU treatment
guidance technique. A primary determinant of the radia-
tion-force-based elasticity image quality is the separation
of the acoustic radiation-force-induced small tissue dis-
placements from any physiologic motion, such as breath-
ing, blood flow, and digestive tract movements. Physiologic
motion filtering is challenging for other radiation-force-
based imaging techniques because of significant spectrum
overlap between the slow radiation force-induced tissue
motion and physiologic motion. HMI uses harmonic ra-
diation force to induce oscillatory tissue displacements at
a specific known frequency, which allows efficient reduc-
tion of noise generated by physiologic motion in displace-
ment estimation. In a previous publication [10], our group
demonstrated that HMI was not affected by respiratory
motion of mice. In the present study, Figs. 2(f) and 2(g)
further illustrate that the use of a band-pass filter can fil-
ter out the oscillatory tissue motion from lower frequency
tissue motions or higher frequency jitter, which renders
HMI more robust to physiologic-motion-induced artifacts
than impulsive radiation force imaging techniques. More-
over, for monitoring pancreatic tumor HIFU ablation us-
ing radiation-force-based elasticity imaging, a great chal-
lenge is the ability to induce detectable displacement at
depth in a stiff tumor. Different from many other tumors,
PDA is characterized by the formation of stiff scar tissue
by desmoplastic reaction. The use of the HIFU transducer
to generate the radiation force, instead of using the im-
aging probe as in many other radiation-force-based tech-
niques, is beneficial for inducing detectable displacements
in deep-seated stiff pancreatic tumors and especially ther-
mally ablated pancreatic tumors, which has an even high-
er stiffness than that before ablation. In addition, HMI
was used here to estimate and image the resulting tissue
displacements and we assumed that the radiation force
focused into a focal region of a few millimeters was uni-
formly applied within the focal region. As a result, the
displacements estimated are inversely proportional to the
underlying stiffness. Although not the focus of this study,
our group demonstrated that the underlying tissue elastic-
ity can be obtained from HMI either with [35] or without
[39] shear waves.

This study has several limitations. First, as indicated
herein, HMI induces oscillatory tissue motion at a specific
low frequency, allowing efficient reduction of noises from
sources such as respiratory motion. Respiration-induced
movement of the pancreas in the abdomen can degrade
the spatial registration of HMI even after filtering of the
respiration rate. For mice under anesthesia, the respira-
tion-induced motion of the pancreas was at a small magni-
tude [10]; however, this motion must be taken into consid-
eration for future clinical applications because the human
pancreas moves up to ~20 mm during respiration [40].
In the future, ultrasound-based motion tracking technique
will be developed to compensate pancreas movement and
achieve consistent spatial registration in HMI. Moreover,
the imaging probe used in the 2-D system had a center
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frequency of 2.5 MHz, which was optimized to achieve
deeper penetration in future clinical applications. A high-
er frequency imaging probe will be used in the future for
small animal studies to achieve higher spatial resolution in
HMI. The use of the higher frequency probe will also allow
us to perform tumor targeting without the assistance of
the Vevo system. Furthermore, relative low-energy HIFU
with long exposure time was used in the present study to
induce slow tissue denaturation. Our group has demon-
strated the feasibility of HMI in monitoring high-energy
HIFU treatment with tissue boiling in ex vivo tissue [37]
[28]. Future studies will explore the feasibility of in vivo
HMI monitoring for HIFU treatment with boiling. In ad-
dition, HMI clearly located the HIFU focal region and
monitored the stiffness changes of that region over time.
However, because of the difficulty involved in sectioning
through the excised pancreas to align with the imaging
plane of the HMI, precise quantitative comparisons of ac-
tual lesion sizes and HMI images was not conclusive. To
assess the thermal lesion sizes based on the HMI images,
further effort is needed to spatially register the HMI im-
ages with histological images to provide information such
as the onset of lesion formation and lesion sizes. Future
study will also look into the correlation between tissue
structures and the trends of HMI displacement changes
to better understand tissue mechanical responses during
HIFU ablation. The current study laid the foundations
for future development of HMI as an imaging technique
for ultrasound-guided HIFU treatment with the ability to
detect tumors for treatment planning, evaluate tissue stiff-
ness change during HIFU ablation for on-line treatment
monitoring and feedback control of exposure, and assess
thermal lesion sizes for treatment evaluation.

V. CONCLUSION

This study demonstrated the feasibility of HMI in pan-
creatic tumor detection and HIFU ablation monitoring
using a transgenic mouse model of PDA that closely re-
capitulates human disease. HMI uses one FUS transducer
driven by an amplitude-modulated continuous waveform
to generate sinusoidal radiation force and the other diag-
nostic imaging transducer to detect the induced oscilla-
tory tissue displacements. For pancreatic tumor detection,
the FUS transducer was operated for the sole purpose
of elasticity imaging. 2-D HMI images of pancreatic tu-
mors and normal pancreases were generated. The peak-
to-peak HMI displacements of normal pancreases were on
the average 3.2 times higher than those of the pancreatic
tumors. Histological examination showed no tissue dam-
age associated with HMI when used for the sole purpose
of elasticity imaging. For HIFU ablation monitoring, the
FUS transducer was operated in a HIFU regime to induce
thermal ablation and simultaneously generate sinusoidal
radiation force for ablation monitoring. HMI monitoring
of HIFU ablation showed consistent tissue stiffening after
2 min of HIFU exposure. The peak-to-peak HMI displace-
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ments at the end of HIFU ablation decreased by 15.8%
to 57.0% from the initial displacements. The formation
of thermal lesions was confirmed by histological staining.
This study validated the feasibility of HMI for pancreatic
tumor detection and HIFU ablation monitoring, which
constitutes an important step toward future clinical ap-
plications of HMI as a promising imaging technique for
HIFU treatment guidance.
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