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Abstract

Background: High-intensity focused ultrasound (HIFU) has been in clinical use for a
variety of solid tumors and cancers. Accurate and reliable calibration is in a great
need for clinical applications. An extracorporeal clinical HIFU system applied for the
investigational device exemption (IDE) to the Food and Drug Administration (FDA)
so that evaluation of its characteristics, performance, and safety was required.
Methods: The acoustic pressure and power output was characterized by a fiber
optic probe and a radiation force balance, respectively, with the electrical power up
to 2000 W. An in situ acoustic energy was established as the clinical protocol at the
electrical power up to 500 W. Temperature elevation inside the tissue sample was
measured by a thermocouple array. Generated lesion volume at different in situ
acoustic energies and pathological examination of the lesions was evaluated ex vivo.
Results: Acoustic pressure mapping showed the insignificant presence of side/grat-
ing lobes and pre- or post-focal peaks (<—12 dB). Although distorted acoustic pres-
sure waveform was found in the free field, the nonlinearity was reduced
significantly after the beam propagating through tissue samples (i.e., the second har-
monic of —11.8 dB at 500 W). Temperature elevation was <10°C at a distance of
10 mm away from a 20-mm target, which suggests the well-controlled HIFU energy
deposition and no damage to the surrounding tissue. An acoustic energy in the
range of 750-1250 J resulted in discrete lesions with an interval space of 5 mm
between the treatment spots. Histology confirmed that the lesions represented a
region of permanently damaged cells by heat fixation, without causing cell lysis by
either cavitation or boiling.

Conclusions: Our characterization and ex vivo evaluation protocol met the IDE
requirement. The in-situ acoustic energy model will be used in clinical trials to deli-
ver almost consistent energy to the various targets.
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acoustic nonlinearity, characterization, In-situ acoustic energy, high-intensity focused
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1 | INTRODUCTION

Ultrasound is an effective, low-cost, and non-ionizing diagnostic
modality used for several decades in clinics. Recent years have seen
a dramatic interest in its application as a surgical and therapeutic
tool, especially high-intensity focused ultrasound (HIFU) for tissue
ablation in the treatment of cancers and solid tumors.! High-inten-
sity focused ultrasound energy can be focused inside the human
body to raise the local temperature above 65°C within seconds.?
Since the mid-1990s, advancements in clinical instrumentation have
brought HIFU from the lab to the medical mainstream. In China and
Europe, more than 100 000 patients have been involved for treat-
ment of uterine fibroids, and cancers of the prostate, liver, kidney,
breast, pancreas, brain, and bone.>* In comparison to traditional
cancer treatment methods (i.e., open surgery, radiotherapy, or
chemotherapy) and other physical methods for tissue ablation (i.e.,
lasers, microwave, or radiofrequency ablation), HIFU has advantages
of being a non-invasive and local treatment, deep penetration, better
selectiveness without damaging adjacent vital structures, easier
power control, and non-ionizing radiation.

International Electrotechnical Commission (IEC) has published
several standards on ultrasound diagnostic, continuous-wave or
pulsed Doppler, physiotherapy system, and pressure pulse
lithotripter.>® Medical ultrasound fields are typically characterized in
water by measuring the spatial and temporal distribution of pressure
using a piezoelectric (PVDF membrane or needle) hydrophone and
the acoustic power (up to 30 W, i.e., ultrasound power meter from
Ohmic Instruments) using an air-backed metal cone that intercepts
the entire field. The acoustic intensity is derived from the measured
pressure waveform assuming that the local pressure and particle
velocity are in-phase (“plane-wave assumption”). However, the exist-
ing techniques may not be appropriate for characterizing HIFU fields
due to the strong nonlinearity and potential cavitation damage to
the hydrophone.’ A fiber optic probe hydrophone (FOPH) was used
in measuring the acoustic field with high intensity and focusing
gain.1%12 The FOPH has a small sensing element (100 um), broad
bandwidth (50 MHz or higher after de-convolution), and a large half
aperture angle of 30° and a new fiber tip can be easily prepared and
self-calibrated if cavitation damage occurs. In addition, a radiation
force balance with the acoustic absorbing target placed between the
source and the focus was designed for calibrating the HIFU trans-
ducers with no damage, and a minimal temperature rise was found
at the electrical power up to 230 W.' Until now, there is no con-
sensus and standard on calibration and methods for describing the
HIFU field [i.e., American Institute of Ultrasound in Medicine (AIUM),
FDA, National Institute of Standards and Technology (NIST) guide-
linel,” except a national one in China.** Therefore, accurate and reli-
able HIFU calibration protocols are in a great need for both product
development and clinical application.

One of the most important aspects of oncology therapy is deliv-
ering an appropriate dose, which is dependent on the type and stage
of cancer, radiation method, whether administered before or after

surgery, and the degree of surgery success.'®> However, the

definition of dose varies with the treatment modality. In chemother-
apy, the dose is determined by the patient’s body surface area and
severity of the disease; radiotherapy dose is usually measured in
gray (Gy), exposure per unit mass of a medium to be treated; a tem-
poral temperature relationship is used as the thermal dose in RFA. In
HIFU literature, authors commonly reported the acoustic output (in-
tensity and power) and exposure parameters in describing the HIFU
field and exposure energy.! Although the term of treatment “dose”
was sometimes used, its definition is not consistent with various tar-
gets (i.e., tissue type and propagation distance through biological tis-
sue), the HIFU transducers (i.e., geometries and working frequency),
and operation parameters (i.e., burst duration, duty cycle, and the
total exposure time). The thermal dose of a 240-min exposure at
43°C is required to create thermally irreversible damage in most tis-
sue types.'® However, accurate in situ measurement of temperature
profile or calculation of thermal dose is still challenging due to the
high heating rate of HIFU and low temporal resolution of thermome-
try.” Therefore, a definition of dose in HIFU therapy, the amount of
acoustic energy deposited in the tissue similar to the “absorbed
dose” used in x-irradiation, is vital for guidance in HIFU application.
An extracorporeal HIFU system applied for the investigational
device exemption (IDE, #100169) to the Food and Drug Administra-
tion (FDA) for clinical trials. The characterization of the produced
acoustic field, the safety of HIFU ablation (i.e., temperature elevation
to the surrounding tissue away from the target), estimation of the
acoustic energy delivered to the target, and evaluation of ex vivo
performance were required. In this study, the acoustic field and
power were measured by a fiber optic probe hydrophone and a radi-
ation force balance system, respectively, with the electrical power
up to 2000 W. A method of delivering an in-situ acoustic energy
was established. Subsequently, the performance of the extracorpo-
real HIFU system was evaluated ex vivo. The relationship between
the size and volume of HIFU-generated lesions with the acoustic
energy was investigated. In addition, the temperature elevation in

the focal region was measured by a thermocouple array.

2 | MATERIALS AND METHODS

2.A | HIFU system

A clinical extracorporeal HIFU system (FEP-BY02, Beijing Yuande
Biomedical Engineering Inc., China) was used in this study. It has
two identical HIFU transducers (upper and lower one for the treat-
ment at the prone or the supine position, respectively), each consist-
ing of 251 individual lead zirconate titanate (PZT) elements
(frequency of ~1 MHz and diameter of 16 mm) driven all in phase
and positioned on a spherical surface. The HIFU transducer has an
outer diameter of 37 cm, an inner diameter of 12 cm, and a radius
of curvature of 25.5 cm. An ultrasound imaging probe (S3, GE,
Seongnam, Korea) aligned coaxially with the HIFU transducer was
connected to an ultrasound imaging system (Logiq 5, GE) to identify
the region of interest (ROI). The operator specified the location, size,

and shape of the treatment target, electrical power to the HIFU
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transducer, HIFU on and off time, the number of pulses per treat-
ment spot, and the interval spacing between treatment spots in the
control software. The ROI was treated in a raster scanning pathway.
Before each treatment, the water was degassed with an oxygen con-

centration of <4 mg/L.

2.B | Acoustic pressure waveform and field
mapping

Pressure waveforms of the lower HIFU transducer in a short-
pulse low-power mode (100 ps pulse duration and electrical
power of 17 W) were measured using a capsule hydrophone
(HLO085, Onda Corp., Sunnyvale, CA) that was attached to the
treatment table by a custom-built fixture. At least five digitized
pressure waveforms were obtained from an oscilloscope
(9304CM, LeCroy, Chestnut Ridge, NY) at each position. The
acoustic field was mapped in a resolution of 0.25 mm over a
30 mm x 30 mm region in the focal (x-y) plane and a 10 mm x 85
mm region in the axial (x-z) plane, respectively. Because the cap-
sule hydrophone only works in the low-intensity acoustic field, a
FOPH (2000, RP Acoustics, Leutenbach, Germany) was used at
the high output (250-2000 W). Acoustic pressure waveforms
were measured at 3 different locations in the HIFU axis: z = =50,
-8, and 0 mm, corresponding to the locations of grating-lobes,
the first prefocal side-lobe, and focal point of the HIFU trans-
ducer, respectively. The power spectra were calculated from the
measured pressure waveforms using a Welch algorithm.'” Search
for the acoustic focal point, waveform measurement, and field
scanning were controlled by a lab-written LabView (National
Instruments, Austin, TX) program.*?

The fresh bovine livers were obtained from a local slaughter-
house (Schenk Packing, Stanwood, WA), immediately immersed in
phosphate-buffered saline (PBS) solution, and chilled on ice. Within
2 h they were cut into the size of ~20 x 20 x 6 cm (L x W x H)
with the capsule left intact as the acoustic wave entry site, and
attention was paid to exclude major vessels for consistent lesion
production. After being degassed, the liver sample was positioned
about 10 mm proximally to FOPH which was aligned to the HIFU
focus in the free field. Then the focus of the HIFU beam after
propagating through tissue was found using the acoustic field map-
ping method mentioned above. FOPH was realigned for the acous-
tic pressure waveform measurement with the presence of tissue

samples.

2.C | Acoustic power measurement

The acoustic power output from the HIFU transducer was measured
with a lab-built radiation force balance (Fig. 1). Nylon brush bristles
with a diameter of 0.44 mm and length of 3.5 cm were embedded in
a silicone elastomer (220 g, Sylgard 170, Dow Corning, Midland, MI)
mixed with Nickel powder (44 g, —400 mesh, Alfa Aesar, Ward Hill,
MA) and plastic microspheres (PM6545, PQ Corp, Valley Forge, PA)
to absorb the ultrasound energy. The absorber in a diameter of
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250 mm was suspended from a load cell (SML-100, Interface, Scotts-
dale, AZ) whose signal was digitized by a data acquisition (DAQ)
board (SCB-68, National Instruments) at a sampling frequency of
1000 Hz. The sensitivity of the radiation force balance was cali-
brated using a weight set (VWR, West Chester, PA) each time before
measurement. Then the position and air being trapped on the sur-
face of the acoustic absorber were examined in the sonography. The
discrepancy of the stabilized responses between HIFU on (3 s) and
off (5 s) stage was used to calculate the radiation force, F, and the

subsequent acoustic power output, P,
n
Pa =NFc(corr)e®®*/ ¥ cosd; (1)
i=1

where N is the number of PZT elements, 9; is the angle between the
acoustic beam axis of the i-th element and the main axis of the
HIFU array, a is the absorption of the propagation media, L is the
distance between the center of the transducer and the absorbing
target (usually L<0.7-D.), D is the focal length, corr is the planar

wave correction factor of a piston element,**

1—J1(2ka)/ka

1—J3(ka) — J2 (ka) @

corr =
where k is the wave number, a is the activating sensor size of a sin-
gle piston, J, (*) is the n-order Bessel function.!* The electrical

power to the HIFU transducer was determined by

Pe=V2 G (3)

rms

where V, s is the RMS voltage to the HIFU transducer measured by
a high-voltage probe (PPE-2kV, LeCroy), G is the conductance of the
HIFU transducer measured to be 17.56 ms using an impedance ana-
lyzer (4192A, Hewlett-Packard, Palo Alto, CA). Therefore, the electri-

cal-to-acoustic energy conversion ratio was calculated as follows:

Eff :’;—2 x 100% (4)

2.D | Ex vivo lesion production

The attenuation of tissue was determined using an “acoustic caliper.”
A pair of transducers was mounted on a digital caliper for precise
measurement of the transmission path length. A chirped pulse con-
taining frequencies ranging from 1 to 10 MHz was transmitted first
through the tissue and then through a water path (reference signal);
the received tissue and reference signals were acquired and com-
pared in order to calculate sound speed and attenuation.’® Measure-
ments were repeated three times for each tissue sample. The
electrical power achieving a desired and reproducible in-situ acoustic

energy, E,, was calculated to be

Ea

Pe=——F——
e 1070 - [Ty

(5)

where a7 is the whole attenuation through the propagation path in

dB, T, is the HIFU pulse duration in ms, np is the number of pulses
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Fic. 1. Acoustic power measurement of the lower high-intensity
focused ultrasound transducer by a lab-built radiation force balance
system.

per treatment spot.!? The electrical power was set no higher than
500 W according to the clinical experience for the high safety.

Sections of the bovine liver in the size of 4.5 x 4.5 x 6.0 cm (L x
W x H) were prepared using the method described above and then
transferred to a tissue-mimicking phantom that contains 6.5% Algi-
nate impression material (Jeltrate, Dentsply International, York, PA),
taking care not to reintroduce gas.2® Then the center of the sample
was aligned to the HIFU focus under the guidance of sonography.
The relationship of HIFU-generated lesion size and in-situ acoustic
energy within the range of 500-2000 J was investigated with the
interval distance between the treatment spots of 7 mm, which
results in a single lesion production according to preliminary obser-
vation. Furthermore, lesion interaction effects were studied by
reducing the interval distance to 3-5 mm.

Immediately following HIFU ablation, the liver samples were placed
in a custom-built tissue cassette with proper maintenance of orienta-
tion and no disruption on the tissue. The samples were then frozen at
—10°C overnight, ensuring sufficient stiffness to facilitate slicing while
minimizing the amount of tissue expansion.? Afterward, the samples
were cut to record the lesion photographically in a step size of ~1 mm
until no lesions were observed for at least 3 consecutive slices. The
image files were then processed by a Matlab (MathWorks, Natick, MA)
program. Each lesion area was fitted with an ellipse so that the area,
centroid coordinates, major axis, and minor axis could be determined,

from which the lesion volume was calculated as follows:
N
Vi=Ya-(zi—z1) (6)
i=1
where N is the number of image files, g; is the cross-sectional area

of the lesion in the i-th image, z; is the incremental distance of the i-
th image taken in the tissue sample.

2.E | Histological evaluation

A separate set of six bovine liver samples was treated for histologi-
cal analysis. Immediately after treatment, the liver sample was care-
fully embedded in an optimum cutting temperature medium (O.C.T.,
Sakura Finetek USA, Torrance, CA), and then frozen completely on
dry ice. Enzyme histochemical analysis was performed to determine
cell viability with nicotinamide adenine dinucleotide-diaphorase
(NADH-diaphorase) using similar methods to those established.?2
Briefly, 6-8 um unfixed frozen sections were cut and 100 pl of
incubation medium (1 ml of 2.5 mg/ml a-NADH, 2.5 ml of 2 mg/ml
nitroblue tetrazolium chloride, 1 ml of 2 mg/ml PBS, and 0.5 ml
Ringer's solution, Sigma, St. Louis, MO) was placed on each section
for 30 min under aerobic conditions at room temperature. After
incubation, the slides were washed in distilled water for 2 min and
then evaluated within 24 h of staining. Normal untreated liver and
tissue sections heated to 100°C were used as negative and positive
controls, respectively. Furthermore, sequential sections were also
fixed in 95% EtOH, stained with H&E, and visualized on an inverted
light microscope (80i Eclipse, Nikon, Melville, NY) for morphological
analysis.

@ #5

treatment <
target ¢

Y
/ \ end
' |
begin | /
" o 5mm
L |

Fic. 2. Location of thermocouples relative to the high-intensity
focused ultrasound (HIFU) target. There are a total of 17 treatment
spots inside the target in a diameter of 20 mm and an interval
spacing of 4 mm. The sixth thermocouple is 5 mm distal to the third
one that is aligned to the HIFU focus under the guidance of
ultrasound imaging.
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Fic. 3. Normalized pressure distribution
in the (a) x-y plane, (b) lateral direction, (c)
x-z plane, and (d) axial direction. Capsule
hydrophone and fiber optic probe
hydrophone were used in the field
mapping at low and high power output,
respectively. White arrow and arrowhead
show the first side lobe and grating lobe in
the focal plane, respectively.
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2.F | Temperature measurement
70
(a) The temperature elevation and distribution in the focal region were
60 | measured by an array of 6 type T thermocouples in a diameter of
- 0.3 mm (Omega Engineering, Stamford, CT). 5 thermocouples
§ 50 (#1-4#5) were aligned in a line with 10 mm away from each other,
~ —_ and the sixth thermocouple was 5 mm distal to the third one that
@ 40
—o— |- was aligned to the ocus under the guidance of sonography as
5 ol ligned to the HIFU f der th id f h
w
§ 30k required by FDA for the IDE of this system (Fig. 2). To ensure a
: straight insertion into the tissue, the thermocouple was mounted
]
& 20r inside a 22-gauge needle and extended approximately 5 mm from
W the end of the needle. The needle was then secured into an acrylic
10r holder which ensures the insertion depth into the tissue was the
0 ) ) ) ) ) ) ) ) same across experiments. The treatment target is 20 mm in diameter
250 500 750 1000 1250 1500 1750 2000 with the interval spacing of 4 mm between spots. Thermocouple
Electrical Power (W)
60 | (b) (a)
)
=
4o ~
) o
- i
= Z
g o
£ 2t A
Z =
& S
g
of 5
r4
20 L L L
0.0 0.5 1.0 15 2.0
Time (us)
(b)
0 -
g )
= c
E N’
E-0r 500 W 2
3 E
o w
n g
5 250 »
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g 20Ff =
%] Q
= 1= .
= —
£ a0} 5307 —— 1000W
3 z ———- 1500 W
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N
_40 1 1 1 1 1
0 3 4 5 1 2 3 4

Frequency (MHz)

Fic. 4. (a) Peak positive and negative pressures measured by fiber
optic probe hydrophone at the focus of the lower high-intensity
focused ultrasound transducer with the electrical power up to

2000 W, (b) the measured pressure waveforms, and (c) the
corresponding power spectra at the electrical power of 250, 500,
1000, and 2000 W, respectively, normalized by the amplitude of the
fundamental frequency.

Frequency (MHz)

Fic. 5. Comparison of the normalized harmonics (a) in the free
field at the locations of z = O (focus), z = -8, and z = —50 mm, and
(b) at z = O mm with a 6 cm thick bovine liver positioned proximal
to the transducer at the electrical power of 500, 1000, 1500, and
2000 W, respectively. Power spectra were normalized by the
amplitude of the fundamental frequency at the high-intensity
focused ultrasound focus in the free field.
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data were acquired through the SCB-68 DAQ board concurrently
with HIFU treatment. The corresponding thermal dose was calcu-
lated using the measured temperatures, T(t),

t
TDagc(t) = / R-T0 gy %
0

with R = 0.25 if T(t) < 43°C and 0.5 otherwise.?® A 240-min exposure
at 43°C (240 CEM) could create thermally irreversible damage in most
tissue types.2>2° After the ablation, the tissue was sliced into approx-

imately 3 mm-thick pieces to identify the presence of lesions.

2.G | Statistics

At each experimental condition, at least six data were collected. Sig-
maPlot (Systat, San Jose, CA) was used to calculate the average and

standard deviation and determine the data regression.

3 | RESULTS

3.A | Acoustic field mapping

The acoustic fields of the HIFU transducer in the focal (x-y) and axial
(x-z) plane were measured by the capsule hydrophone at the low
power (Fig. 3). It is demonstrated that HIFU energy concentrated in
a small region with —6 dB beam size of 1.4 x 9.6 mm (W x L). The
main lobe had a centralized region of high intensity, 2.5 mm in diam-
eter, and was circumscribed by several side lobes. The locations of
the first and second side lobe were 2 and 3.3 mm away from the
focus with the amplitudes of —12 and —20 dB, respectively. Grating
lobes, consisting of multiple isolated speckles, were found approxi-
mately 25 mm away from the focus with the amplitude of —25 dB,

WILEY——

which may be associated with the well-organized, nearly symmetric
array configuration of the elements. The acoustic wave converging
and diverging along the transducer axis could be observed. The
length of the main lobe was about 16.3 mm with the first pre- and
post-focal nodes at —7.8 and 8.5 mm, respectively. The first pre- and
post-focal side lobes were at —10.5 and 12 mm with the amplitudes
of —14.7 and —14.6 dB, respectively. There was an axial grating lobe
with the amplitude of < —20 dB at z = —45 ~ —60 mm, where is
usually at the interface of the tissue and water cushion or inside the
patient’s body so that no skin burns or undesired thermal accumula-
tion would be expected if the acoustic coupling is satisfactory.2® It
was noticed that pressure distribution measured with the FOPH at
high power had the same locations of side-lobe peaks and nodes,
but the —6 dB focal size decreased to 1.2 x 9.1 mm and the smaller
side lobes (i.e., the first lateral side-lobe decreased from —11.5 dB at
500 W to —18.1 dB) at an electrical power of 1000 W, which is due
to the acoustic nonlinearity.**

3.B | Pressure waveform and power spectrum

Peak positive pressure became quickly saturated when the electrical
power was larger than 1250 W [Fig. 4(a)]. Representative pressure
waveforms at the HIFU focus at the electrical power of 250, 500,
1000, and 2000 W were measured using the FOPH [Fig. 4(b)], and
their corresponding power spectra are shown in Fig. 4(c). Increasing
the electrical power produced significant nonlinear effects (i.e., the
formation of the sharp shock front, the asymmetry between com-
pressional and tensile waves, and the production of more harmonic
components). The second harmonic increased from —10.5 dB at
250 W to —4.4 dB at 2000 W, which shows that nonlinearity is a
fundamental characteristic of the HIFU field.

1200
1000 [ ] measurement of lower transducer P
— — — - linear fit for lower transducer e
= measurement of upper transducer i v /-/
—-—-—- linear fit for upper transducer e
800 e
e
7
g
600 - .

Acoustic Power (W)

400
&

200

FiGc. 6. Linear relationship between the
electrical power to the upper and lower
high-intensity focused ultrasound
transducers measured by a high voltage
probe and the acoustic power output

1 measured by the radiation force balance

0 250 500 750 1000 1250 1500
Electrical Power (W)

1750 2000 2250

system with the electrical-to-acoustic
energy conversion efficiencies of 47.8%
and 42.5%, respectively.
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The generation of harmonics is found to occur usually in the main
lobe [Fig. 5(a)]. The amplitudes of the first 3 harmonics at z=0
increased from -7.2 + 0.7, -11.7 £ 1.6, and -16.3 £ 2.9 dB at
500 W to —-4.2 + 0.5, -8 + 1.5, and -10.2 + 3.1 dB at 2000 W,
respectively. In comparison at z = —8 mm (the peak of the first prefo-
cal side-lobe), the fundamental and first 3 harmonics were
-14.5 + 0.8, -33 + 2.3, —-48.2 + 3.4, and —53.1 + 4.7 dB at 500 W,
and -13 +£ 0.9, —26.7 + 2.5, —35.1 + 3.8, and -43.3 + 48 dB at
2000 W, respectively. The corresponding values of the grating lobe
(z=-50 mm) were -22.7 +09, -452 + 25, —61.8 + 3.6, and
—-67.5+ 5dB at 500 W, and -18.7 &+ 1.1, —-36.9 + 2.8, —-49.8 + 3.9,
and -53.4 4+ 5.3 dB at 2000 W, respectively. Overall, there were at
least 10 dB differences between the acoustic harmonics at the focus
and the prefocal side/grating lobe. Therefore, it suggests that the ther-
mal accumulation away from the focal region is insignificant. Attenua-
tion of the freshly excised bovine liver was measured to be
0.6 + 0.15 dB/MHz/cm, which is close to the reported values.?” After
propagating through the tissue sample, the focus was shifted by about
5 mm toward the transducer, and the amplitude of harmonics
decreased [Fig. 5(b)]. For example, the differences between the funda-
mental and first 3 harmonics without and with the intervening sample
were 4.5, 11.8, 19.6, and 21.9 dB at 500 W, respectively. Thus,
acoustic nonlinearity ex vivo and in vivo may not have a great contri-

bution to the consequent thermal effect.

3.C | Acoustic power

There was a linear relationship (R? = 0.99) between the electrical
and acoustic power for both the upper and lower transducers with
the electrical-to-acoustic energy conversion efficiencies of 42.5%
and 47.8%, respectively (Fig. 6). Electrical power to the HIFU trans-
ducer was stable with a variation of only 4%. In comparison, the
variation in the corresponding acoustic power was a little higher. At
the low-power level (electrical power <100 W) the variation in mea-
sured acoustic power was up to 45%, which is due to the low sig-
nal-to-noise ratio of the load cell for small signals. However, with
the increase of electrical power, the variation decreased (~10% and
5% for the upper and lower transducer, respectively). Although the
upper and lower HIFU transducers were manufactured identically,
the upper HIFU transducer has a little lower electric-to-acoustic con-
version ratio and higher variation of acoustic power output, which is
due to the use of a silicon rubber cushion as the degassed water
reservoir instead of a large water cavity as used in the lower trans-
ducer. Although the silicon rubber is thin (~0.4 mm) and no signifi-
cant effect on the pressure waveforms at the focal point was found,
the vibration of the silicon cushion with a response to the HIFU
pulse-generated radiation force may dissipate some acoustic energy

and introduce additional noise.

3.D | Single lesion dosimetry

Dosimetry studies in ex vivo bovine liver yielded consistent results in
3-month experiments (n > 15) despite some variations due to

unavoidable inhomogeneities of the tissue, such as the existence of
small vessels. Viability (NADH-d) staining revealed distinct lesions
that corresponded well to areas of discoloration/blanching in the tis-
sue (Fig. 7). However, a blue-black ring was frequently observed,
which is due to an extracellular deposition and an artifact of the
staining by examination with higher magnification. Furthermore,
lesions generated with low (750 J) and high (1000 J) acoustic ener-
gies were evaluated histologically (Fig. 8). In the H&E stained sec-
tions, the location of the lesion and cell viability were not apparent
as NADH-d staining. At both acoustic energies, there was no appar-
ent evidence of cell lysis (i.e., hepatocytes) or mechanical disruption
of the tissue structure by cavitation or boiling. Hepatic plates in the
treated tissue were intact, and there was little disruption of the cel-
lular pattern, but wider sinusoids. Altogether, HIFU-induced cell
damage at the power of no more than 500 W is mainly due to heat
fixation rather than mechanical effects.

Using the blanched region as an indicator for thermal cell dam-
age, the sizes of HIFU-generated lesions (n > 60) were calculated
(Fig. 9). No visible lesion was found in ex vivo bovine liver with
in situ acoustic energy of 500 J, the threshold of HIFU lesion pro-
duction. It is found that there was a linear relationship between
in situ acoustic energy and the lesion diameter, increasing from

® ™

Fic. 7. (a) Gross and (b) NADH-d staining on high-intensity
focused ultrasound-treated tissue with in-situ acoustic energy of
750 J. In the NADH-d stained tissue, purple indicates viable tissue
and unstained area indicates dead tissue. Scale bar is 5 mm.
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Fic. 8. Histology of (a) normal bovine
liver and the lesions generated by high-
intensity focused ultrasound with in-situ
acoustic energy of (b) 500 J and (c) 1000 J.
Tissue is stained with (i) H&E or (ii) NADH-
d. Purple in NADH-d staining indicates
viable tissue while no staining indicates
non-viable cells.

1.65 £ 0.19 mm at 750 J to 5.1 + 0.77 mm at 2000 J [Fig. 9(b)]. In
addition, the lesion volume was related to in situ acoustic energy in
a power-law trend, increasing from 7.1 + 2.8 mm® at 750J to
94.7 + 9.5 mm® at 2000 J with the fitted scaling exponent of 2.12
[Fig. 9(c)].

3.E | Lesion interaction

A single layer of lesions with different spacing between spots and
in situ acoustic energies was generated (Fig. 10). Because of the
thermal diffusion effect, the ambient temperature increased with the
ongoing of HIFU treatment. As a result, the lesion became

progressively larger.2® When the lesion size was larger than the

interval spacing between nearby spots, the lesion coalescence may
occur. Although single lesions were produced in the initial stage with
interval spacing of 3 mm (lesion size at 750 and 1000 J were
1.65 4 0.19 mm and 2.3 + 0.23 mm, respectively, in Fig. 9(b), a con-
tiguous plane of ablated tissue was found at the end of ablation.
With the increment of the interval spacing, the thermal diffusion and
lesion coalescence effect became less significant. Almost all individ-
ual lesions were produced at in situ acoustic energy of 750-1250 J
and the interval spacing of 5 mm. Overall, lesion interaction depends
on both in-situ acoustic energy and the interval spacing between
spots.
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Fic. 9. (a) Representative single lesions generated in ex vivo
bovine liver by using in-situ acoustic energy as shown under each
column in Joules. Scale bar represents 7 mm. Dose-dependence of
(b) the maximum lesion size and (c) the lesion volume generated in
the ex vivo bovine liver by high-intensity focused ultrasound

ablation.

3.F | Temperature elevation

Since the major mechanism of HIFU-induced cell damage is heat fix-
ation, temperature measurement by the thermocouple array would
provide direct evidence of the treatment safety. Representative
lesions produced by the extracorporeal HIFU system with in situ
acoustic energy of 1000 J for each spot are shown in Fig. 11. The
initial temperatures were 33-35°C and the maximum temperatures
measured by the six thermocouples were 40.6, 48.6, 82.4, 53.8,
43.9, and 56.7°C, respectively. Although the first five thermocouples
were positioned symmetrically with respect to the HIFU focus, tem-
perature elevations of the fourth and fifth thermocouple were
slightly higher than the first two. The thermal diffusion from the
nearby spots with varying amplitude and arrival time (depending on
the traveling distance) leads to the multiple-peak structure in the
temperature profile, which is different from the rapid rise and drop
due to the cavitation activity.?® The corresponding thermal doses
were 0.07, 86.7, 5.3 x 10%°, 2781.4, 3.0, and 8553.6 CEM, respec-
tively. With the increase of in-situ acoustic energy, the temperature
in the liver sample increased correspondingly. The maximum temper-
atures at the HIFU focus were 55 + 1.4°C at 500 J, 60.5 + 3.5°C at
750 J, 66.3 +10.4°C at 1000 J, and 79.5 + 13.2°C at 1250 J,
respectively. Less than 10°C temperature elevation (maximum tem-
perature increasing from 39 + 0.9°C to 42.1 + 1.4°C, and from
40 £ 0.9°C to 45.3 £ 3.5°C for the first and fifth thermal couple,
respectively, at in situ acoustic energy of 500-1250 J) at 1 cm away

t,2? which is the minimum distance between

from the treatment targe
the boundary of pancreatic cancer and nearby tissue or organ (i.e.,
vessel and nerve) as required by FDA, suggests that HIFU energy
and its induced thermal effect is concentrated in a well-defined

region with little side effects to the surroundings.

4 | DISCUSSIONS

Extracorporeal HIFU devices are used for targets lying within the
breast, abdomen, brain or limbs. Transcutaneous abdominal treat-
ments require a suitable acoustic window, providing an unobstructed
propagation path (i.e.,, no intervening bowel gas) and satisfactory
coupling at the wave entry site (skin) for the focused beam. HIFU
treatments are guided using either ultrasound (i.e., FEP-BY02) or
MRI imaging (i.e., ExAblate 2000 of InSightec, Israel, and Sonalleve
of Profound Medical, Canada). MRI has excellent anatomical resolu-
tion and high sensitivity for tumor detection. Using MR thermome-
try, it enables the calculation of thermal dose to achieve cytotoxicity
and, subsequently, closed-loop control of energy deposition with a
temperature accuracy of 1°C, the spatial resolution of 1 mm, and
temporal resolution of 1 s during HIFU ablation. Although MRI is
superior to sonography in obese patients,®° it is expensive, labor-in-
tensive, and of lower spatial resolution in some cases. In comparison,

sonography, whose transducer is usually incorporated into the treat-
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ment head, allows real-time imaging of the ablation process at a
much lower cost. Sonography guidance uses the same form of
energy as HIFU therapy to exam the condition of the acoustic win-
dow. Therefore, if the target cannot be well visualized, HIFU therapy
will become ineffective, and unintentionally thermal injury may be
produced. According to our preclinical in vivo experience using this
FEP-BY02 system, sustained thermal injury to the abdominal wall
occurred only if the image quality was either “fair” or “poor.”*?
Abdominal wall injury was not seen in any treatments where the
image quality was rated as “good.” In addition, the thermally ablated
region is not visible on the standard B-mode sonography unless gas
bubbles have been induced. Although radiation force imaging tech-
nique has been demonstrated as an effective approach to detecting
HIFU-induced lesion,3! application in real (or quasi-real) time has not
been implemented in practice. Furthermore, ultrasonic thermography
techniques, such as analyzing the backscattered ultrasound sig-
nal,®2%% with the detectable temperature up to more than 65°C
in vivo are under development. Overall, the lack of lesion and tem-
perature monitoring functions limited the wide acceptance of sonog-
raphy-guided HIFU therapy.

The experiments of acoustic field characterization and lesion
evaluation were repeated many times within 3 months. Small varia-
tions (<5%) of measurement from different operators using the same
protocols suggest the reliability of the HIFU system and our calibra-
tion method. The measured pressure waveform and distribution of
the HIFU field had a good agreement with our numerical simulation
based on the wide-angle parabolic equation (data not included). Fiber

WILEY——

5 mm

Fic. 10. Representative photos of the
high-intensity focused ultrasound-
generated lesions by using different
interval spacing between treatment spots
and in-situ acoustic energy as shown by
the values in each column and row,
respectively.

optic hydrophone has the advantages of the small sensing element,
broad bandwidth, robustness to cavitation damage, immunity to elec-
tromagnetic interference, and easy preparation of a new tip. Thus, it
has been used widely in measuring the spatial distribution of the
peak particle velocity within the focus of a HIFU transducer,®*°
acoustic pressure and temperature simultaneously with a polymer
film Fabry-Pérot interferometer deposited at the fiber tip,3® and cavi-
tation activities.®” Because of the large size of the HIFU transducers
and limited maximum acoustic power measurement in the commer-
cial radiation force balance (i.e., 30 W for the ultrasound power
meter from Ohmic Instruments and 100 W for RFB-2000 from
Onda) a lab-built one was used in this study. It showed good reliabil-
ity and repeatability despite low signal-to-noise ratio at low power
output (<100 W). The calibration of the HIFU field was done in
water for its output and comparison with the other systems. How-
ever, the measured characteristics cannot be transferred to the
in vivo environment directly because of the heterogeneity of tissue,
challenges to determine its acoustic properties in situ, and the defo-
cusing effect of the acoustic beam through the tissue. Patient-speci-
fic planning is possible by generating layered surface model using
2D/3D segmentation on pre-therapy images (i.e., CT or MRI), simu-
lating the beam distribution and temperature elevation, and visualiz-
ing the integrated 3D anatomy and HIFU beam simulation.®®
Characterization of medical ultrasound device using existing IEC
standards is generally the description of the acoustic field and the
generated thermal field, but not related to the effectiveness or clini-
cal performance directly. For example, beam width is normally
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Fic. 11. (a) Representative lesions produced by the high-intensity focused ultrasound ablation with in-situ acoustic energy of 1000 J for
each treatment spot, (b) the temperature profiles measured by the thermocouple array, and (c) the relationship of temperature elevations with
in-situ acoustic energy from 500 to 1250 J. The location of thermocouples in the treatment target is shown in Fig. 2.
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determined from the positions where the temporal average pressure
falls to 6 dB below the peak value in the focal plane. In shock wave
lithotripter, the peak positive pressure at the focus varies from 40 to
120 MPa, depending on the output voltage, focusing gain, and the
methods of shock wave generation. As a result, at the edge of beam
width the pressure could be up to 60 MPa, which is much higher
than the stone fragmentation threshold (~10 MPa). Therefore, the
—6 dB beam width simply defines the quality of focusing, but does
not illustrate the energy level and quantify the fragmentation ability
of a lithotripter. The 10 MPa fragmentation zone introduced by the
German Society of Shock Wave Lithotripsy is appropriate for realis-
tic comparisons of lithotripter performance.®?*° Similarly, measure-
ment of energy deposition in the focal region and the consequent
thermal dose for protein denaturation and irreversible lesion produc-
tion may be more suitable for evaluating the ablation ability of HIFU
devices. In addition, the characteristics of nonlinear acoustic at the
high-power level, such as the distortion in the pressure waveform
profile, the generation of harmonics in the spectrum, and the corre-
sponding mechanical effects (i.e., bubble cavitation), would discern
itself from diagnostic or physiotherapy fields.

In the acoustic field, ultrasound-induced cell damage may be due
to three mechanisms: heat fixation, cavitation, and boiling. Cell lysis
is characterized by structural damage at the medically relevant fre-
quencies and intensities and closely correlates with the occurrence
of acoustic cavitation at the cell membrane. However, the surviving
intact cells are largely unaffected with respect to growth rate and
progression through the cell cycle.** Biological tissue becomes ther-
mally coagulated with consequent discoloration and blanching of the
tissue, formation of derivatives of collagen (i.e., glucose), and con-
traction of collagen if its temperature exceeds 60-65°C.*? If the
temperature of tissue reaches the boiling of intra- or extracellular lig-
uid (~100°C), rapid vaporization will occur. HIFU-induced boiling
would cause contraction and shrinkage of tissue, known as desicca-
tion effect. In addition, the shock wave generated from the explosive
boiling can subsequently cause damage to cells relatively far away
from the point of impact. A combination of bubble cavitation and
boiling is presumed to be the major cause of the significant grey-
scale changes in real-time B-mode sonography.?® However, this
hyperecho is naturally transient and does not correlate well with the
tissue response in the nonrandomized clinical trials.*>** It is interest-
ing to note that sometimes the center of HIFU-ablated cancer in
H&E staining looked similar to viable cells, maintaining their charac-
teristics of cytologic staining and nuclear chromatin without any
signs of breakdown. However, electron microscopy revealed that the
cytoplasm of those normal-appearing cancer cells contained vac-
uoles, cell membranes were disintegrated, and organelle structures
were not identified, suggesting an irreversible cell death and the
preservation of cellular structure induced by thermal fixation, instead
of incomplete coagulation necrosis.** As a result, the central part of
the ablated tumor resisted degradation because the wound-healing
process could not extend to this region immediately after HIFU
treatment. In contrast, in the peripheral region, cancer cells had the
typical characteristics of lethal and irreversible cell damage as
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coagulation necrosis (i.e., pyknotic nuclei, nuclear disruption, and dis-
appearance). Along the margin of the ablation, a narrow cellular band
of fibrous tissue could be identified, with the presence of fibroblasts,
inflammatory cells, collagen fibrin, and capillary network. Therefore,
NADH-diaphorase stain is more accurate and objective than H&E
staining in assessing acute cell death because it is based on the pres-
ence or absence of enzyme function instead of changes in the cellular
structure. Thermal fixation dominates cell damage in HIFU ablation,
which is based on the lack of histologic evidence of cavitation, the lin-
ear changes of temperature with power, and no sharp elevation of
measured temperatures. In this study and future clinical trials, the
electrical power output is only up to 500 W. Heat fixation is assumed
as the dominant mechanism so that in-situ acoustic energy was devel-
oped for delivering almost the same absorbed acoustic energy to dif-
ferent patients. Although there are variations of acoustic attenuation
in the same type of tissue, such protocol will allow us a more reason-
able comparison of HIFU outcome rather than using only the opera-

tion parameters (i.e., power and effective exposure time).

5 | CONCLUSION

A clinical extracorporeal HIFU system was characterized using our
protocols for the acoustic field (i.e., acoustic pressure waveform,
pressure distribution, and acoustic power) up to electrical power of
2000 W. Comparison of acoustic pressure waveforms and their cor-
responding spectra at the focus in the free field with those ones
after propagating through tissue samples demonstrated that the
acoustic nonlinearity is less ex vivo. An in situ acoustic energy in
HIFU ablation was established and then tested in ex vivo experi-
ments at the power output up to 500 W. Linear relationship was
found between the HIFU-induced lesion size and in situ acoustic
energy beyond the threshold of 500 J. Thermocouple array measure-
ment showed that the high-temperature elevation only occurs at the
focal region of HIFU and being 10 mm away from the target bound-
ary would lead to a change of no more than 10°C, which suggests
minor side effect to the surrounding healthy tissue. This extracorpo-
real system has already obtained the FDA's approval for its clinical
trial on the palliation of pain associated with pancreatic cancer in
the USA. Our HIFU calibration approaches and ex vivo evaluation

protocols can also be applied for the other HIFU systems.
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