Magnetic resonance imaging of boiling induced by high
intensity focused ultrasound
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Both mechanically induced acoustic cavitation and thermally induced boiling can occur during high
intensity focused ultrasound (HIFU) medical therapy. The goal was to monitor the temperature as
boiling was approached using magnetic resonance imaging (MRI). Tissue phantoms were heated for
20 s in a 4.7-T magnet using a 2-MHz HIFU source with an aperture and radius of curvature of 44
mm. The peak focal pressure was 27.5 MPa with corresponding beam width of 0.5 mm. The
temperature measured in a single MRI voxel by water proton resonance frequency shift attained a
maximum value of only 73 °C after 7 s of continuous HIFU exposure when boiling started. Boiling
was detected by visual observation, by appearance on the MR images, and by a marked change in
the HIFU source power. Nonlinear modeling of the acoustic field combined with a heat transfer
equation predicted 100 °C after 7 s of exposure. Averaging of the calculated temperature field over
the volume of the MRI voxel (0.3 X0.5X2 mm?) yielded a maximum of 73 °C that agreed with
the MR thermometry measurement. These results have implications for the use of MRI-determined

temperature values to guide treatments with clinical HIFU systems.
© 2009 Acoustical Society of America. [DOI: 10.1121/1.3081393]

PACS number(s): 43.80.Gx [CCC]

I. INTRODUCTION

The use of high intensity focused ultrasound (HIFU) for
tissue ablation is rapidly achieving clinical acceptance for a
wide range of medical applications.l_4 The tissue ablation
mechanism in the majority of these applications is coagula-
tive necrosis, induced by heating of the tissue due to absorp-
tion of the intense ultrasound. Heating is often monitored by
magnetic resonance imaging (MRI), in which the tissue tem-
perature is calculated from direct measurements of the MR-
signal phase change resulting from the water proton reso-
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nance frequency shift.” The temperature measurements are
then used to calculate the region of necrosed tissue—the
lesion—based on a thermal dose criterion.® MRI monitoring
and lesion determination are used in the only clinical, trans-
cutaneous HIFU device approved by the United States Food
and Drug Administration (FDA).” New treatment protocols
are also being developed on this and similar machines that
use high-amplitude ultrasonic pulses on the presumption of
creating tissue for enhanced
heating.&11 However, enhanced heating can also occur due
to nonlinear propagation effects, and such heating may be
sufficient to cause boiling bubbles.'” When bubbles and en-
hanced heating have been observed in vivo, the MRI-
determined temperature was less than 100 °C, and the result

cavitation bubbles in
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was interpreted as cavitation-enhanced heating.10 We specu-
late that the peak temperature may have been higher and that
bubbles were due to boiling, the consequence, not the cause,
of enhanced heating.

Acoustic cavitation and nonlinear acoustic propagation
are two nonlinear mechanisms that can enhance HIFU heat-
ing beyond that expected to be produced by absorption at the
HIFU excitation frequency. Nonlinear acoustic propagation
distorts the HIFU wave and causes acoustic energy to be
pumped from the fundamental excitation frequency to higher
harmonic frequencies. Higher frequencies are more readily
absorbed than lower ones and thus generate enhanced
heating.lz_14 An additional effect of nonlinear propagation is
that the extra heating and initial boiling, if attained, are more
localized than would be expected assuming linear propaga-
tion conditions.'*'* One way to increase nonlinear effects is
to increase the acoustic pressure as this accelerates the wave-
form distortion. With a sufficient pressure amplitude, nonlin-
ear acoustic propagation results in a shock wave, which con-
tains hundreds of harmonics and can cause boiling in
milliseconds.'®

Cavitation bubbles are nonlinear scatterers that result in
acoustic re-radiation at frequencies higher than the funda-
mental HIFU wave and therefore generate enhanced HIFU
heating.g’ll The bubbles may also cause heating by viscous
damping of their oscillations'” and by diffusion of heat from
their gaseous interiors that are heated when compressed in
oscillation.'® Increasing acoustic pressure amplitude may in-
crease cavitation-enhanced heating as more bubble nuclei are
recruited and bubbles are driven into more violent oscilla-
tion. Cavitation-enhanced heating has been demonstrated in
tissue-mimicking phantoms, where the cavitation threshold is
likely lower than in tissue, and only at low HIFU pressures
(peak negative pressure amplitude <4 MPa).”'® Within this
range, a small increase in HIFU pressure amplitude led to
both detectable cavitation activity and significantly greater
heating measured by thermocouples.g’19 Other observations
of enhanced heating that were attributed to cavitation are
summarized in Ref. 9.

Cavitation and boiling bubbles created by HIFU are vis-
ibly distinct when observed in optically transparent gel, tis-
sue phantoms.16 The cavitation or mechanically generated
bubbles are diffuse and micron-sized, whereas the boiling or
thermally generated bubbles are focal and millimeter-sized.
Given sufficient acoustic pressures within the clinical range,
both types of bubbles can appear quickly—cavitation in mi-
croseconds and boiling in milliseconds.'®*” Several acoustic
techniques have been reported to differentiate the two
phenomena.ls’]m"22 However, few of these techniques have
yet been applied in bio-effect studies.

In bio-effect studies, in particular, all bubble activity is
often categorized as cavitation, and the appearance of a
bubble is a treatment-altering event.” Bubbles cause back-
scatter of HIFU which results in distortion and migration of
the lesion,®* scatter of imaging ultrasound that can be de-
tected and used for guidance,25 and mechanical erosion of
tissue.”® In vitro studies suggest that the contribution of cavi-
tation in at least the first two of these effects—acoustic back-
scatter and lesion distortion—is negligible compared to that

J. Acoust. Soc. Am., Vol. 125, No. 4, April 2009

of boiling, which might be expected since boiling bubbles
are much larger.15 The tissue ablation arising from boiling
and cavitation bubbles may also be different because of their
size, motion, and surrounding temperature. Whether the
clinical goal is to use cavitation or boiling bubbles or to
avoid them in treatments, it is necessary to understand how
the bubbles are created.

One example is to determine how enhanced heating and
the presence of bubbles are related. A study that is commonly
cited in the HIFU literature of cavitation-enhanced heating in
vivo is that by Sokka er al.'® In this study, a short (0.5-s)
high-amplitude pulse, preceding a long low-amplitude pulse,
caused a greater MR-measured temperature rise compared to
only a long low-amplitude pulse. The authors may have as-
sumed that the detected bubble activity was not boiling (and
therefore bubbles were the cause not the result of enhanced
heating) because the temperature measured by MRI did not
reach 100 °C. This threshold temperature for HIFU-induced
boiling to occur in tissue has been justified by
calculations'®? and thermocouple measurements.”>?’ Al-
though bubbles have been detected in MRI measurements in
tissue, there have been no results reporting the use of MRI to
detect HIFU-induced boiling and to distinguish boiling from
cavitation.

The goal of this research was to use MR as an imaging
technique to observe boiling during HIFU exposure and si-
multaneously to use MR thermometry to measure the tem-
perature when boiling occurred. The accuracy of MRI tem-
perature measurements was investigated by comparing the
time to boil and the temperature rise measured by MR to
those determined using other experimental techniques as
well as theoretical modeling based on the Khokhlov-
Zabolotskaya-Kuznetsov (KZK) equation. The study was de-
signed to enable a high MRI resolution and to work under
well-controlled experimental conditions. Prior to the MR ex-
periments, the acoustic field of the HIFU source was charac-
terized, the cavitation pressure threshold and the temperature
when boiling started in the phantoms were determined, and
numerical simulations of the acoustic and temperature fields
were performed.

Il. THEORY

The temperature rise in the gel tissue phantom was nu-
merically modeled by coupling an acoustic propagation
model with a heat transfer model. The model equations and
solution techniques have been described in previous publica-
tions and are only briefly summarized here.'*!> A compari-
son of simulations and measurements of the acoustic field in
water and gel for a source nearly identical to the one used
here has also been reported.28

The HIFU field was modeled using a KZK-type nonlin-
ear parabolic equation,]5 generalized for the frequency-
dependent absorption properties of the propagation medium:

B dp

d (dp c
—<— - =P _Labs(p)> =—2A p.

(1)
dT\dz  pocy OT 2

Here p is the acoustic pressure, z is the propagation co-
ordinate along the axis of the beam, 7=t—z/c is the retarded
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time, ¢ is the sound speed, p, is the ambient density of the
medium, B is the coefficient of nonlinearity, A =d*/dr?
+r719/dr is the Laplacian with respect to the transverse co-
ordinate r, and L, is the linear operator that accounts for
absorption and dispersion in the medium.

The propagation of ultrasound was through a two-layer
medium, consisting of water and gel. For water, the thermo-
viscous absorption was included as

b7

— 5, 2
2c(3)p0 a7 @

abs =

where b is the dissipative parameter of water. For the tissue
phantom, the operator L, accounted for the measured power
law of absorption:

a(f) = ao(f1fo) " 3)

where ¢« is the absorption coefficient at the fundamental
frequency fj,. Small variation in the sound speed with fre-
quency was calculated from the absorption law, Eq. (3), us-
ing local dispersion relations.'?

The boundary condition for Eq. (1) was determined us-
ing the combined modeling and measurement calibration
technique developed in a previous paper.28 Equation (1) was
then solved numerically in the frequency-domain. First, the
acoustic pressure waveform was represented as a Fourier se-
ries expansion. Next, the set of nonlinear, coupled differen-
tial equations for the amplitudes of the harmonics were de-
rived and integrated numerically using the method of
fractional steps with an operator-splitting procedure.15
Acoustic waveforms p(7,z,r), spatial distributions of the in-
tensities /,, of the harmonics nf,,, and total intensity of the
wave

Lz,r) = 2 1,(z.7) 4)

n=1

were calculated. The distribution of heat sources g, due to
absorption of ultrasound,

@u(z.r) =22 alnfo)l,(z.r), (5)
n=1

was obtained for further simulation of the temperature rise in
the phantom.

The values of the physical constants used for acoustic
modeling were p,=1000 kg/m?, c,=1486 m/s, §=3.5, and
b=4.33x1073 kg s' m™! for water and p,=1044 kg/m?,
co=1544 m/s, $=4.0, and ay=1.6 m~! at 1 MHz, 5=1, for
the tissue phantom.29 Changes in the acoustic parameters of
the phantom due to HIFU-induced heating were not consid-
ered in the simulations.

To quantify the effect of acoustic nonlinearity under the
experimental conditions employed in this study, simulations
were also performed assuming linear HIFU propagation by
setting 8=0 in Eq. (1). In linear simulations, the HIFU wave-
forms remained sinusoidal; the intensity /; included the in-
tensity of the first harmonic only,
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FIG. 1. Experimental arrangement (a) and relative position of the transducer
focus and the MRI field of view (FOV) (b).

IL(Z’r):Il(Zsr)s (6)

and corresponded to the more common but less accurate lin-
early derated intensity typically used in HIFU studies. The
distribution of heat sources was calculated as twice the prod-
uct of the intensity and the absorption coefficient at the
source operating frequency

qv(zvr) = Q'a(fO)IL(Zvr) . (7)

The temperature rise in the phantom was modeled using
the heat transfer equation

A ar+ e, (8)

ot cy
where T is the temperature in the phantom, c, is the heat
capacity per unit volume, & is the thermal diffusivity, and g,
is the distribution of thermal sources obtained from either
nonlinear, Eq. (5), or linear, Eq. (7), acoustic simulations.
Equation (8) was integrated numerically using finite
differences.'” The thermal properties of the phantom used in
simulations were ¢,=5.3X10° Jm™°C™! and k=13
X 1077 m?/s.”?

lll. EXPERIMENTAL METHODS

The experimental arrangement is shown in Fig. 1. The
transducer, coupling medium (degassed water), and tissue
phantom were housed in a custom-designed cylindrical
acrylic enclosure that was centered within the bore of the
magnet. The 5-cm-long, 2.5-cm-diameter phantom sample
was positioned at the focus of the transducer in the narrowest
part of the enclosure, which was wrapped by an Alderman—
Grant type radiofrequency (rf) volume coil. The phantom
was narrow and could therefore be placed in a small volume
coil, which provided a good filling factor, increased the
signal-to-noise ratio, and optimized the spatial and temporal
resolution. A water-filled Tygon tube capped with an acous-
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tically absorptive rubber stopper was placed distal to the coil
to prevent reflections in the experimental arrangement. The
driving electronics were located outside the magnet room
and consisted of a laptop computer running LABVIEW (Na-
tional Instruments, Austin, TX), an HP33150 function gen-
erator (Palo Alto, CA), and an ENI A150 amplifier (Bloom-
ington, NY).

The HIFU transducer had an aperture and radius of cur-
vature of 44 mm and a resonant frequency of 2.185 MHz,
and was mounted within the wall of the acrylic enclosure.
The source was identical to one previously characterized,”®
but the housing was made of polycarbonate instead of metal
to be MRI-compatible. The experimental exposure was con-
tinuous for 20 s. The electrical power delivered to the source
was 63 W, and the acoustic power, measured by radiation
force balance, was 49 W.

The tissue-mimicking phantom used in all of the experi-
ments was polyacrylamide gel containing bovine serum al-
bumin (BSA).">** This optically transparent gel tissue phan-
tom has acoustic and thermal properties similar to tissue,
although the acoustic attenuation is lower, about one-third of
the attenuation in tissue. Advantages of using a tissue phan-
tom instead of tissue include the repeatability and uniformity
of the phantom’s acoustic, thermal, and magnetic properties.
Samples were degassed in a desiccant chamber for 1 h prior
to polymerization. The axial distance from the transducer
face to the proximal end of the sample was 35 mm. The
geometrical focus of the transducer was within the sample, 9
mm from its proximal end.

Before the MRI experiment, a fiber-optic probe hydro-
phone (FOPH 2000, RP Acoustics, Leutenbach, Germany)
with 100-um active diameter was used to measure the focal
pressure waveform in water and in the gel for the chosen
63-W source output. Waveforms were measured at the spatial
maximum of the peak positive pressure, which coincided
with the geometric focus of the source and was 44 mm from
the transducer in water and in the water/gel path. Measure-
ments in water were performed with and without the cylin-
drical housing attached to ensure that the housing did not
alter the waveform through reflection or scattering. Measure-
ments in gel were performed without the housing in a
slightly different experimental arrangement, but with the
same propagation path in gel as used in MRI experiments.
The focal waveforms were also modeled in water and in gel
using source parameters (aperture, curvature, and electro-
acoustic efficiency) determined through previously described
calibration of an identical source.*®

A rf power meter (model 21 A, Sonic Concepts, Wood-
inville, WA) was used to monitor the electrical power deliv-
ered to the transducer. The power meter readings were re-
corded by a digital acquisition (DAQ) board (model 6062E,
National Instruments, Austin, TX) at 1 kHz. Fluctuation in
the power meter signal was used as an indicator of boiling as
has been reported previously.19’3o Fluctuation in the power
delivered to the source is the result of variations in the acous-
tic impedance, caused by the ultrasound that is backscattered
from bubbles. The fluctuation is the most pronounced when
bubbles appear at the transducer focus. Before the experi-
ments in the magnet, this system was tested simultaneously

J. Acoust. Soc. Am., Vol. 125, No. 4, April 2009

with other indicators of boiling and cavitation, including a
20-MHz passive acoustic detection”™'®'” and a high-speed
video camera.’' Obvious fluctuation in the power meter sig-
nal was observed only with boiling and not with cavitation.
Passive acoustic detection, however, did detect cavitation
and was also used to measure the acoustic pressure threshold
for cavitation in the tissue phantom. Time to boil, yielded by
all the measuring techniques, agreed within a few millisec-
onds (roughly the camera frame period and the DAQ sam-
pling period). In replicate samples, boiling occurred in
7.2%+0.3 s. The slight variation was attributed to the pos-
sible small difference among the sample batches, initial tem-
perature, and the distance between the sample face and the
transducer as well as stochastic variability in the distribution
of boiling nuclei.®’ The water temperature in the bench-top
experiments was 22+ 1 °C. In the magnet, the initial tem-
perature of each sample was measured using a thermocouple
2 min before HIFU exposure and was 21+ 1 °C.

In another set of preliminary experiments, bare-wire
thermocouples (130 wm, type E, Omega Engineering, Stam-
ford, CT) were implanted in gels at the focus of the trans-
ducer and exposed to the treatment conditions along with
simultaneous high-speed camera observation to determine
the temperature when boiling occurred. Temperature mea-
surements were recorded at a sampling rate of 250 Hz using
a data acquisition device (HP34970A, Hewlett-Packard
Corp., Palo Alto, CA). A mount was used to cast the thermo-
couple and the FOPH in the gel 1 mm apart in the focal
plane. Alignment of the HIFU focus with the thermocouple
was performed by first finding the peak pressure with the
FOPH and then by moving the transducer 1 mm to the ther-
mocouple.

MRI experiments were performed in a 4.7-T Bruker
magnet (Bruker Medical Systems, Karlsruhe, Germany) with
a 30-cm-diameter bore equipped with a Varian (Varian Inc.,
Palo Alto, CA) INOVA spectrometer and a custom-built,
Alderman-Grant type, rf volume coil with an inner diameter
of 2.5 cm. All of the MRI data were collected using a
gradient-echo sequence. Both magnitude and phase of the
MR signal were acquired to obtain primarily axial images,
i.e., images in the plane containing the axis of the cylindrical
magnet.

In three of the experimental samples, images were col-
lected during very low energy ultrasound exposure (<2 °C
temperature rise for <2 s) 10 min prior to experimental ex-
posure in order to confirm the location of the HIFU focus
relative to the center of the magnet and, therefore, to define
the location of the acquisition volume. This step was deemed
unnecessary for the other three samples, and no difference
was observed between the two groups. Single-slice gradient-
echo MR images were then acquired continuously for 24 s
before, 20 s during, and 100 s after HIFU exposure. The
following acquisition parameters were used: matrix size 64
X 128 pixels, TE=4.2 ms, TR=20 ms, flip angle=20 deg,
total image acquisition time of 1.3 s, and field of view (FOV)
30X40 mm?. The in-plane resolution was 0.3X0.5 mm?’
and the slice thickness was 2 mm. Several minutes after
HIFU exposure, high spatial resolution axial and transverse
MR images were acquired to locate and resolve residual

Khokhlova et al.: Imaging of focused ultrasound induced boiling 2423



bubbles. In the axial sequences, the following parameters
were used: 256 X 256 pixels, TE=7.4 ms, TR=300 ms, flip
angle=20 deg, FOV=30X40 mm?, and slice thickness was
2 mm. The voxel volume in these high-resolution images
was 120 um X 160 wm X2 mm.

The gradient-echo data were reconstructed to generate
both magnitude and phase images. The magnitude images
were used to visualize bubbles, and the phase images were
used to determine the proton resonance frequency shift.”
Phase shifts were converted to temperature changes using a
calibration curve that was obtained for heated water prior to
the HIFU measurements.’” The calibration measurement was
performed in water, not in the tissue phantom, which is 95%
water, to ensure the most uniform temperature throughout the
sample volume. To obtain the calibration curve, hot (initially
boiling) water was poured into a 6-mm-diameter plastic tube
centered in the rf coil used in the HIFU experiments. The
tube was plugged to ensure that there was no water flow. A
thermocouple was positioned on the tube axis, 2 cm away
from the coil center. Gradient-echo images (TR/TE/flip
angle=24 ms/4.1 ms/20 deg, matrix size 64 X 32, FOV 2
X2 cm?, and slice thickness 2 mm) were acquired to moni-
tor resonance frequency changes as the water cooled from 90
to 40 °C.

Eddy currents within the gel, generated by the rapidly
switching gradients, caused transient, repeatable phase shifts
to occur at the onset of MR data acquisition in the absence of
temperature changes. These phase shifts could be mistaken
for substantial temperature changes. To correct for this po-
tential artifact, a series of control images was acquired from
each gel prior to heating. The MR parameters were identical
to those described for the gradient-echo images above, and
the resulting series of phase images was subtracted, image by
image, from those acquired during HIFU exposure.

IV. RESULTS

A. Measurements and calculations to characterize
experimental conditions

An experimentally measured calibration curve was ob-
tained to determine temperature changes from the MR ac-
quired phase shifts in the tissue phantom. In Fig. 2, the cali-
bration curve of the temperature versus the absolute value of
the water proton chemical shift is plotted. A third-order poly-
nomial was determined based on a least-squares fit of the
experimental data points:

ST =0.000 947 875¢° — 0.004 8¢ + 0.77425¢, 9)

where ¢ is the phase shift of the MR signal and o7 is the
temperature change relative to 40 °C.?? Equation (9) was
used to obtain temperature maps during HIFU exposure in-
stead of the linear relationship 0.009 ppm/°C that is com-
monly used for lower field magnets and smaller temperature
variations.”>* The calibration measurement was only per-
formed one time because it was very difficult safely to get a
sufficient volume of water uniformly heated to near 100 °C
into the bore of the magnet. Hence, a degree of skepticism
should be applied when interpreting the results in Fig. 2.
While there are evidence in literature, including Ref. 37
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FIG. 2. Water proton resonance frequency shift calibration curve obtained in
the 4.7-T magnet that was used for MR thermometry in present work. The
solid line shows a third-order polynomial fit to the mean temperature as
determined from 12 measurement points located near the center of the rf
coil. The dotted lines show the mean * standard deviation of the measure-
ments. The linear conversion curve (dashed line) often used in 1.5-T mag-
nets is also shown for comparison.

commonly cited for the linear relation, that the dependence
between proton resonance frequency and temperature is
nonlinear,”>® the exact nature of the dependency over broad
temperature ranges at 4.7 T requires further validation. Nev-
ertheless, note that the use of the linear relationship would
yield lower peak MR-determined temperatures than those re-
ported here.

Focal waveforms were measured and modeled in water
[Fig. 3(a)] and in the tissue phantom [Fig. 3(b)]. The excel-
lent agreement between the waveforms measured in water
with and without the cylindrical sample housing attached to
the transducer (Fig. 1) indicates that the housing in the MRI
experiments did not alter the acoustic field. Modeling of the
field could thus be performed assuming free field conditions.
The modeled waveforms also agree well with those mea-
sured experimentally both in water and in the phantom [Figs.
3(a) and 3(b)], which supports the use of simulations to de-
termine acoustic and temperature distributions in the phan-
tom. Note also that part of the calibration procedure28 is to
attain agreement between model and measurement in the
acoustic distribution for low acoustic excitation. Figure 3
shows that for the source power used in experiments, the
combined effects of nonlinear propagation and diffraction led
to a typical asymmetric and distorted focal waveform.'? The
compression phase was higher in amplitude, steeper, and
shorter in duration than in the linearly predicted waveform
(shown as a dashed curve). The peak positive pressure was
30 MPa in water and 27.5 MPa in the phantom. The rarefac-
tion phase was lower in amplitude, smoother, and longer in
duration than in the linear waveform with peak negative
pressure of 8.4 MPa in water and 8.6 MPa in the phantom.
Since nonlinear distortion was clearly observed in the focal
waveform, enhanced heating due to nonlinear acoustic
propagation effects was expected.

Figure 4 summarizes the results of linear (dashed
curves) and nonlinear (solid curves) simulations for various
acoustic field parameters and temperature rise in the phan-
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FIG. 3. Focal waveforms simulated numerically and measured by the fiber-
optic hydrophone in water with and without the cylindrical, water-filled
chamber attached (a) and in the phantom (b). The cylindrical housing did
not alter the waveform, and the numerical data are in excellent agreement
with the measurements.

tom. Distributions of peak pressure (a), acoustic intensity (b),
heat deposition rate (c), and temperature after a 7-s exposure
(d) are presented on the HIFU axis (top row) and across the
axis in the focal plane z=44 mm (bottom row). The —6-dB

pressure beam width and length calculated linearly were 1
mm and 6 mm. Nonlinear effects result in reduction in the
focal dimensions for the peak positive pressure (0.5 mm and
4 mm) and enlargement of the dimensions for the peak nega-
tive pressure (1.2 mm and 8 mm). The maximum value of
the peak positive pressure doubled, and the peak negative
pressure dropped 30% from the linear to the nonlinear wave-
form. The in situ spatial peak intensity I=5670 W/cm?, Eq.
(4), is slightly higher than the linearly calculated, Eq. (6),
intensity 7, =4830 W/cm?. The heat deposition rate at the
focus is twice that calculated linearly. However, since the
heating is over a long time (in seconds) and the extra non-
linear heating is so localized in space, diffusion smoothes the
temperature distributions over time, and the final peak tem-
peratures differ much less between the linear and nonlinear
simulations than do the peak heating rates. Nonlinear simu-
lations indicate a peak temperature of 99 °C, which we will
refer to hereafter as 100 °C because it is so close, while
linear simulations yield 86 °C after 7 s of exposure. Dashed
vertical lines in Figs. 4(c) and 4(d) show the slice thickness,
2 mm, of the MR voxel. The other voxel dimension in the
focal plane is 0.5 mm, and the voxel length in the axial
direction is 0.3 mm. The dimensions of the voxel are com-
parable to those of the heated region. In particular, the 2-mm
thickness of the voxel is larger than the half maximum beam
width of both the heat sources and even the radial tempera-
ture rise profile. Spatial averaging over one voxel can, there-
fore, be of importance in MR temperature measurements.
At the acoustic exposure levels used in the MR experi-
ments (Fig. 4), cavitation was observed immediately (within
a few acoustic cycles) in the phantom with a 20-MHz passive
cavitation detector (PCD); in other words, cavitation was
present throughout all of the MRI experiments. Figure 5(a)
shows the measured threshold curve for cavitation in the
phantom for 5-s exposures. For in situ peak negative pres-
sures larger than 5 MPa, cavitation was measured immedi-
ately in all samples. As shown above, the peak negative pres-
sure at the focus in this study was 8.6 MPa (Figs. 3 and 4)

a) b) c) d)
30 peak pressure 6 intensity heat deposition temperature
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-10 4
T T T T T T T 0 T T T 0 T T T T T L T T T
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axial distributions
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10 4 ] 400 ; i ) 60 - | "
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FIG. 4. Simulation results for acoustic and temperature fields in the phantom obtained assuming nonlinear (solid) and linear (dashed) acoustic propagations.
Spatial distributions of the peak positive and peak negative pressures, intensity, heat deposition rate, and temperature after 7 s of HIFU exposure are presented
axially (upper row) and in the focal plane radially (lower row). Dashed vertical lines on the heat deposition and temperature plots indicate the width of the

voxel.
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FIG. 5. (a) Percent of times in seven 5-s exposures that cavitation was
detected versus peak negative pressure of the HIFU exposure. Cavitation
was detected with a 20-MHz PCD high-pass filtered at 15 MHz. Peak nega-
tive pressures larger than 8 MPa were used in this work; therefore, cavita-
tion was present in all experiments. (b) Peak-detected representation of
time-domain trace recorded by the PCD for three HIFU exposure levels. At
the lowest exposure (2-MPa negative pressure), the signal was at the noise
level, which was 20 mV. An increase to 3.7-MPa negative pressure caused
little change in one case and significant increase in signal amplitude in the
other. The large increase in signal was attributed to broadband emissions
from cavitation. Under the exposure used in the MR experiments (8.6-MPa
negative pressure), the elevated signal due to cavitation was observed im-
mediately after HIFU was turned on, and the signal further increased at 7 s
when boiling occurred.

and was, therefore, above the cavitation threshold of the tis-
sue phantom. In an effort to simplify the display of the cavi-
tation signals in Fig. 5(b), time-domain traces measured by
the PCD were broken into 100-us segments, and the peak
value of each segment is shown. The background noise level
was 20 mV. At an output of 2-MPa peak negative pressure,
the signal was only slightly above the noise level of the
detection system and was, therefore, interpreted as not hav-
ing cavitation activity present. Separate exposures at a peak
negative pressure of 3.7 MPa created two distinct curves.
The lower one was only slightly higher than the curve for the
2-MPa negative pressure exposure, and again the interpreta-
tion was that no cavitation occurred. Increasing the applied
pressure had little effect on the amplitude of the detected
signal without cavitation. However, when cavitation was
present as in the upper curve for the 3.7-MPa negative pres-
sure exposure, the signal level from time zero is significantly
elevated. Exposure to the conditions described in Fig. 4 and
used in the MR experiments here produced the upper curve
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FIG. 6. Temperature measured by a thermocouple at the focus. At the point
boiling was visually observed in simultaneous high-speed camera images,
100 °C was measured, and the temperature rise suddenly plateaued. How-
ever, the presence of the thermocouple accelerated heating, and therefore,
boiling occurred at 0.5 s with the thermocouple present compared to 7 s
without it.

labeled 8.6 MPa. An elevated signal due to cavitation is seen
immediately at O s after HIFU was turned on. The signal is
significantly increased when boiling starts at 7 s and is,
therefore, distinguishable from the cavitation signal.

The results of temperature measurements with a thermo-
couple at the focus under the HIFU exposure conditions
stated above are shown in Fig. 6. At the instant a boiling
bubble appeared, 100 °C was recorded. However, clearly the
measurement tool, the thermocouple, affected the measure-
ment: boiling occurred on the thermocouple, and boiling oc-
curred in 7 s without the thermocouple present and in 0.5 s
with the thermocouple. Thermocouples are known to create
additional heating, near the thermocouple surface, from the
viscous damping of the ultrasound-induced motion of the
tissue phantom relative to the the:rmocouple.”’40 This heating
can be reduced by placing the thermocouple at a pressure
null instead of at the focus; however, it is evident from Fig.
4(d) that in this case the peak temperature could not be re-
vealed since the linear and nonlinear simulations show the
same temperature at the null but significantly different peak
temperatures. Viscous heating of the thermocouple is likely
responsible for the accelerated heating measured at the focus
in the presence of the thermocouple (Fig. 6); nevertheless,
when boiling inception was observed by high-speed camera,
which visually appeared similar with and without the ther-
mocouple present, the temperature was 100 °C.

B. MRI measurements of HIFU heating in tissue
phantom

The following data were all collected in the MRI system
from a single exposure of a single sample. The results were
repeated in five other samples. The standard deviation in the
time to boil between different samples was 0.2 s and was
attributed to differences in the sample length, initial tempera-
ture, and gas content, as well as variations in the distribution
of bubble nuclei.

Power fluctuation was detected by the power meter, sug-
gesting the presence of boiling, after 7.1 s of HIFU heating
(Fig. 7). The power fluctuation continued to the end of HIFU
exposure. Evidence of boiling was also observed in the am-
plitude MR images beginning from 7 s (Fig. 8). During
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FIG. 7. Indication of boiling after 7-s exposure by fluctuation of the elec-
trical power delivered to the transducer in the MRI experiment.

HIFU exposure, before boiling [Fig. 8(a)], a dark region was
seen at the transducer focus. We speculate that this dark re-
gion was due to heating, which shifted the resonance fre-
quency away from the bandwidth of the rf excitation pulses
and altered the T1 and T2 relaxation times. The first image
frame obtained within the time interval of 6.5-7.8 s, follow-
ing the observed fluctuation in the power meter, contains
what looks like bubbles. There is at least one mm-sized,
circular, dark region in the image. The dark region indicates
a loss of MR signal and would be expected if air or water
vapor were present. There is also white and dark mottled
“ghosting” around the circular cores. This motion artifact
would be expected if the bubbles were oscillating and dis-
placing nearby protons. Figure 8(c), taken 14.3 s after the
start of HIFU exposure, shows a dark region of heated tissue
containing a bubble. The motion artifact is not seen in this
image, possibly because bubble collapses may become less
violent over time. For several minutes following treatment,
the slowly dissolving bubble or bubbles persisted in the gel
sample and were visible to the naked eye and in the MR
images. We believe that the reason for bubble persistence is
that the samples were incompletely degassed and outgassing
into the initially vapor-filled bubbles took place. Figure 8(d)
shows a high-resolution image taken 2 min after HIFU ex-

d) e) @
’

bubbles bubble lesion

heating

FIG. 8. MR magnitude images of the tissue-mimicking phantom during and
after HIFU exposure. The transducer was located above the top of the im-
ages, and the sample was exposed for 20 s. (a) The image taken 5.2 s after
the start of the exposure shows evidence of heating in the focal region, but
boiling had not yet occurred. No evidence of cavitation is observed in the
image. (b) After 7.8 s, the image shows large boiling bubbles surrounded by
motion artifact. (c) After 14.3 s, motion artifacts are less evident as bubble
motion may have become less violent. (d) Even 2 minutes after HIFU ex-
posure, a high-resolution image shows the residual bubble at the HIFU
focus. The bubble position corresponded to the distal end of the region of
thermally denatured protein (the lesion) photographed in (e). The lesion had
grown and enlarged in the direction of the transducer as has been reported to
be caused by the presence of boiling (Ref. 15).
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FIG. 9. Two-dimensional temperature distributions measured by MR ther-
mometry: (a) 6.4 s, (b) 7.7 s, and (c) 12.8 s after HIFU was turned on and
(d) 3.4 s, (e) 20.3 s, and (f) 40 s after HIFU was turned off. Before boiling
(a), the region grew nearly symmetrically about the focus. No temperature
field distortion was observed even though cavitation was present. After boil-
ing occurred at 7.1 s, the heated region migrated upward toward the HIFU
source and broadened.

posure when the sample had cooled. Evidence of a bubble is
seen within a few voxels of the hottest voxel in the sound
field.

The lesion—the region of thermally denatured
protein—is not observed in the MR images in Figs.
8(a)-8(d), which is typical with the non-contrast gradient-
echo sequence magnitude imaging method employed here.’
But the final lesion shape, shown in the photograph in Fig.
8(e), indicates that boiling occurred. The lesion continued to
be exposed to HIFU for 13 s following the start of boiling,
and therefore the lesion grew toward the transducer and
broadened on its proximal side arguably because of back-
scattering from the boiling bubble."

The MRI temperature map in Fig. 9 shows the heated
region migrating and broadening in the direction of the trans-
ducer. Figure 9(a) shows the MR temperature map acquired
just before boiling started. The heated region was nearly
symmetric about the focus. However, after boiling started,
the hot spot migrated and broadened in the direction of the
transducer, as seen in Figs. 9(b) and 9(c). Following treat-
ment, the region cooled [Figs. 9(d)-9(f)], and all that re-
mained was evidence of the bubble (that could also be seen
in Fig. 8) at the focus. This bubble appears as a region of
slightly elevated temperature on the MR temperature map;
however, it had undoubtedly cooled to the ambient tempera-
ture. The phase difference that appeared as elevated tempera-
ture was likely due to the difference in magnetic susceptibili-
ties of the gel and the gas in the bubble.’” Both this
susceptibility artifact and the motion artifact discussed above
mean that MR temperature measurements contain errors
once bubbles form and these errors persist as long as the
bubbles last.
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FIG. 10. MR-measured temperature at the focus of the transducer over the
course of the treatment (a) and comparison of measurement and calculation
in the pre-boiling part of the curve (b). MRI generally tracked the heating
during and the cooling following HIFU. However, because of the presence
of boiling bubbles during HIFU exposure from 7 to 20 s, temperature read-
ings were erratic. Immediately before boiling (7 s), the calculated peak
temperature was 100 °C. The temperature measured with MRI in the focal
voxel and the calculated temperature averaged over the voxel volume was
only 73 °C.

Boiling started at 7.1 s of exposure as was indicated by
fluctuation in the power to the source and the appearance of
what look like bubbles in the MR magnitude image; how-
ever, immediately before boiling the MR-measured tempera-
ture did not reach 100 °C. Figure 10(a) depicts the tempera-
ture versus time of the voxel that corresponded to the focus
of the transducer. This voxel had the highest temperature in
the field at each time point before boiling. Time #=0 corre-
sponded to the beginning of the HIFU exposure. For the first
6.5 s, the temperature rose smoothly to 73 °C, which was
repeated to within 5 °C in the replicate samples. At 7 s, the
bubble appeared in the location of this voxel, and the tem-
perature readings became erratic. The erratic fluctuation was
greatest during HIFU exposure when bubble-induced motion
artifacts were present. Some of the temperature fluctuation
may also have been due to the moving bubbles deflecting the
ultrasound and causing local cooling and heating.”’41 This
part of the time-temperature curve varied from sample to
sample in a random manner. After 20 s, the voxel began to
cool and returned to ambient temperature in about the time
expected from calculations. Note that there was no residual
artificial elevation in temperature reading for this particular
voxel. Although the initial bubble did form in the voxel of
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FIG. 11. Temperature distribution after 7-s exposure calculated within a
single voxel in the plane perpendicular to the acoustic axis at the spatial
peak of temperature. The measured MRI temperature was the temperature
averaged over the voxel volume and not the peak temperature.

interest, its violent and rapid growth moved the bubble off
the voxel. In other data sets, the bubble remained in the
voxel of interest, and the temperature readings returned to
about 10 °C above ambient because of the magnetic suscep-
tibility difference between gas and gel.

C. Comparison of MRl measurements and modeling

Unlike the measured temperature of the voxel, the cal-
culated peak temperature did reach 100 °C at 7 s. The thick
line in Fig. 10(b) shows the calculated temperature rise using
the approach outlined in Sec. II. The circles are the MR-
measured data points from Fig. 10(a). However, the tempera-
ture field was calculated on a fine grid, and it was necessary
to account for the spatial averaging taking place over the
finite volume of the MRI voxel (Fig. 4). Figure 11 shows the
calculated focal temperature field at 7 s within the voxel
cross-section transverse to the acoustic axis. The calculated
temperature field was converted to phase using the calibra-
tion curve. Then, all phase values within the volume of a
voxel were averaged. Finally, the average value was con-
verted back to temperature and indicated the value recorded
from the voxel by the MR system. In this manner, the thin
line in Fig. 10(b) was obtained, and agreement with measure-
ment is excellent. Indeed, since the spatial temperature dis-
tribution close to the focus is very narrow, after averaging it
over the size of one voxel the temperature becomes 27 °C
lower.

Thus, when spatial averaging was taken into account,
the measured maximum of 73 °C corresponded directly to
the calculated 100 °C peak temperature. The measured data
are shifted slightly to the right of the calculated line, but it is
accurate to add a 1.3-s long error bar to the left of the mea-
surement, corresponding to the MR image acquisition time.

V. DISCUSSION AND CONCLUSIONS

In this paper, MR was used as an imaging technique to
observe HIFU-induced boiling in a tissue phantom and si-
multaneously to monitor the temperature as boiling was ap-
proached. Standard techniques for MR thermometry were
used, but the experiment was designed such that the MR
temporal and spatial resolution was better than likely to be
achieved clinically. The MR measurements were performed
under well-controlled experimental conditions. Homoge-
neous phantoms with repeatable acoustic and thermal prop-
erties were used, the pressure and temperature fields pro-
duced by the HIFU source were characterized, the cavitation
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threshold in the phantom was measured, and MRI tempera-
ture measurements were calibrated prior to the experiment.
In other words, the timing and appearance of boiling and of
cavitation were well established in advance of testing MR
magnitude imaging and thermometry.

Boiling was detected in the MR magnitude images after
7 s of HIFU exposure as circular dark regions surrounded by
mottled ghosting indicative of a motion artifact. MRI-
detected initiation of boiling correlated with simultaneous
observation of fluctuation in the power to the HIFU trans-
ducer due to reflections from the bubble and a temperature of
100 °C in numerical simulations. The dark regions in the
MR images were about the size of visually observed boiling
bubbles (~1-mm diameter), and the motion artifact was
thought to be due to bubble motion in the HIFU field. The
artifact went away when HIFU exposure was ceased, but a
dark spot indicating the presence of the bubble remained.

Although cavitation was present from the beginning of
HIFU exposure, cavitation, unlike boiling, was not readily
observable in either the power meter reading or the MR mag-
nitude image. The MR image showed darkening in the focal
region that grew with time prior to the bubble appearance,
but this effect was consistent with the formation of a growing
heated region shifting the resonance in the region from the
imaging frequency and not with cavitation that is arguably
more diffuse and sporadic and less likely to grow symmetri-
cally over time. We speculate that cavitation activity was not
observed in the MR imaging because the micrometer-sized
cavitation bubbles were much smaller than the millimeter-
sized boiling bubbles. In addition, there was no evidence that
the cavitation caused additional heating in the samples. Cavi-
tation was present in experiments but not included in the
model, yet calculations showed 100 °C at the precise time
when boiling bubbles were observed by camera and by arti-
facts in the MR images. Note that by 100 °C we mean that
the temperature was within a few degrees of 100 °C. Boiling
may occur at 100 °C or within a few degrees of superheat
because of stochastic delays in obtaining a nucleus.”’ In our
experiments, the time to boil varied ~4% from sample to
sample. In addition, the physical properties of the phantom
used in simulations are also known to about this resolution.
Thermocouple measurements showed a temperature of
100 °C when boiling started.

Although several independent measures detected either
boiling or 100 °C at the same time, the MRI thermometry
measurements showed only 73 °C when boiling occurred. If
a MR phase versus temperature curve had not been measured
and a common linear relationship used instead (Fig. 2), tem-
peratures determined by MR thermometry would have been
even lower. MRI alone, therefore, underestimated the peak
temperature. However, the results of MR thermometry agree
very well with simulations when the modeled temperature
distribution was averaged over the volume of the MRI voxel.
Spatial averaging was, therefore, shown to be an important
factor in this MRI experiment, even though the size of the
voxel was much smaller than the voxel size used in clinical
MRI systems.1 Conversely, the transducer, the frequency, fo-
cal dimensions, and heating volumes fall within the ranges
reported for HIFU clinical work."? If only MR thermometry
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were employed, it would be easy to misinterpret boiling as
cavitation because the MRI showed a temperature signifi-
cantly lower than 100 °C. The temperatures measured by
MRI before boiling occurred were underestimated by about
30% due to spatial averaging, which implies that MR ther-
mometry would not have yielded reliable estimations of the
thermal dose. Higher frequency, longer focal lengths, and
higher amplitudes would shrink the focal width and exacer-
bate the problem, whereas slower heating allows more time
for heat diffusion and tissue motion, which creates other
problems, to broaden the heated region.

A deeper look at the spatial and temporal resolutions,
particularly, the relation between MR image acquisition time
and temperature increase rate, reveals further challenges. We
acquired 64 lines of k-space at a rate of one line every 20 ms.
During the 1.3-s acquisition period the temperature—and
therefore the resonant frequency—in some voxels changed
substantially, by as much as 20 °C at the focal point. We
then used a Fourier transform, which assumes stable resonant
frequencies throughout the k-space acquisition, to convert to
image space and determine the resonant frequency shift in
each image voxel 24 Although it is potentially flawed, this
same general approach is typically implemented to monitor
HIFU procedures using state of the art clinical MR systems.
While modern clinical magnets, using parallel imaging tech-
niques combined with rapid acquisition schemes, could pro-
vide better temporal resolution than we achieved, it would be
very challenging to acquire images of human anatomy with
sub-millimeter spatial resolution and acquisition times short
enough to adequately reduce resonant frequency changes as
k-space is filled.

It is important to distinguish boiling from cavitation in
clinical research, as detection of boiling could be a useful
surrogate for a temperature measurement. Its appearance in-
dicates that the temperature has risen close to 100 °C. Anand
and Kaczkowski?> and Khokhlova er al.** proposed to use
the measured time to boil, combined with calculations, to
obtain in situ pressures and in situ heat rates, which enable
these authors to control more precisely clinical HIFU expo-
sure. Further, it is also important to know when boiling oc-
curs or preferably when it will occur because once boiling
begins, the treatment is dramatically and irreversibly
changed as evidenced by the distortion of the lesion shown
in Fig. 8. Undetected boiling will result in lesions that are
larger in size and possibly in the wrong location. The clinical
significance of this work is that MRI-based temperature mea-
surement alone may be insufficient to monitor and control
therapy when treatment temperatures reach 100 °C.

Another point of clinical concern is that boiling can oc-
cur in HIFU much more quickly than might be expected. The
relationship between focal heating and either focal pressure
or drive power is highly nonlinear, especially when output
levels are sufficient to cause shock waves. The HIFU heating
rate used in our experiments was relatively slow in order to
accommodate the long MR image acquisition time. The
transducer was excited by 63 W of electrical power, which
resulted in a focal pressure waveform that was distorted but
not yet shocked, and boiling occurred in 7 s. However, if the
power is increased, the heating rate increases significantly. In
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our previous experiments, an identical transducer (2.158-
MHz, 42-mm aperture and 44.4-mm radius of curvature) was
driven up to 300 W, shock waves formed at the focus, and
boiling was obtained in under 3 ms in a similar tissue
phantom.16 This time is much shorter than the 1.3-s MR slice
acquisition time used in the current study.

These results—HIFU initiation of boiling is unlikely to
register 100 °C on MR thermometry and high power can
result in millisecond boiling—Iead us to a new interpretation
of the paper by Sokka et al.,'® which is often cited as the
in vivo evidence for cavitation-enhanced heating by HIFU.
Except for the HIFU power, the study reported here was very
similar to the one reported by Sokka et al. MRI acquisition
time in that work was 4.4 s, and the voxel size was 0.8
X 1.2X 3 mm>*—larger than in our case. In addition, the au-
thors averaged nine voxels to obtain one temperature read-
ing, which further reduced the spatial resolution. The HIFU
source was larger but more focused than the one used in our
work (aperture 10 cm and radius of curvature 8 cm), with
about the same frequency, 1.7 MHz. The tissue path was 1-2
cm as was ours in phantom. Sokka et al. compared two ex-
posures that each had the same total energy delivered to the
source: the first was a continuous excitation with electrical
power of 28 W for 20 s, and the second contained a 300-W,
0.5-s long burst followed by continuous excitation with elec-
trical power of 21 W for 19.5 s. The authors found that the
MR-measured temperature was higher for the second type of
treatment, particularly because of greater temperature rise
during the initial high-amplitude burst, and the resulting le-
sions were larger and had migrated toward the source.
Bubble activity was detected only in the exposure that in-
cluded the initial high-amplitude pulse and was attributed to
cavitation, not boiling, presumably on the argument that
100 °C was not measured by MRI. The conclusions were,
“...cavitation can be reliably used to create significantly
larger lesions (three times larger lesions than with conven-
tional focused ultrasound) in vivo.” In light of our results, an
alternative interpretation can be proposed. Heating from the
incident HIFU waves, which were arguably shocked or at
least significantly distorted, accounted for the enhanced tem-
perature rise during the first 0.5 s of exposure, and the de-
tected bubble activity was boiling, not cavitation. A tempera-
ture of 100 °C was not detected just before boiling started
because the heated region was smaller than the volume of the
MR voxels averaged to measure temperature. Furthermore,
after boiling started within 0.5 s of the high-amplitude burst
exposure, the presence of bubbles distorted MR temperature
readings. By this interpretation, the paper of Sokka et al
provides evidence of nonlinearly enhanced or shock-wave-
enhanced heating and boiling in vivo, not cavitation-
enhanced heating in vivo. Since MR-based temperature mea-
surements are currently used to calculate ablation volumes in
MR-guided HIFU systems, it is important that the respective
roles of cavitation and boiling be more clearly understood.
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