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Objective: The objective of this work was to study microbubble-enhanced temperature elevation with high-inten-
sity focused ultrasound (HIFU) at different acoustic pressures and under image guidance. The microbubbles were
administered with either local or vascular injections (that mimic systemic injections) in perfused and non-per-
fused ex vivo porcine liver under ultrasound image guidance.

Methods: Porcine liver was insonified for 30 s with a single-element HIFU transducer (0.9 MHz, 0.413 ms, 82%
duty cycle, focal pressures of 0.6—3.5 MPa). Contrast microbubbles were injected either locally or through the
vasculature. A needle thermocouple at the focus measured temperature elevation. Diagnostic ultrasound (Philips
iU22, C5-1 probe) guided placement of the thermocouple and delivery of microbubbles and monitored the proce-
dure in real time.

Results: At lower acoustic pressures (0.6 and 1.2 MPa) in non-perfused liver, inertial cavitation of the injected
microbubbles led to greater temperatures at the focus compared with HIFU-only treatments. At higher pressures
(2.4 and 3.5 MPa) native inertial cavitation in the tissue (without injecting microbubbles) resulted in temperature
elevations similar to those after injecting microbubbles. The heated area was larger when using microbubbles at
all pressures. In the presence of perfusion, only local injections provided a sufficiently high concentration of
microbubbles necessary for significant temperature enhancement.

Conclusion: Local injections of microbubbles provide a higher concentration of microbubbles in a smaller area,
avoiding acoustic shadowing, and can lead to higher temperature elevation at lower pressures and increase the
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size of the heated area at all pressures.

Introduction

High-intensity focused ultrasound (HIFU) is an emerging therapeutic
modality currently used for targeted ablation of benign tumors, such as
uterine fibroids [1—3], and malignant tumors in the prostate [4—6],
liver [7,8], kidney [9], pancreas [9,10] or bone [11]. The non-invasive
nature of HIFU has also made it an attractive complement to conven-
tional treatment options such as transarterial chemoembolization
(TACE), where studies have reported improved short-term and long-
term outcomes in patients with liver cancer when combining HIFU with
TACE [12—18]. However, delivering sufficient acoustic energy through
hard tissues (e.g., skull or dense fibrous tissue) or anatomical barriers
(e.g., intra-abdominal fat) to the intended target has been a challenge
that has prevented HIFU from being more widely applicable [19]. For
instance, the use of magnetic resonance-guided HIFU for the treatment
of essential tremor requires high acoustic intensities to overcome the

amount of sound that is absorbed or reflected by the skull [20]. This
increase in acoustic energy input may be complicated by unwanted heat
deposition outside the focus or intended target, potentially leading to
burns in the skin and subcutaneous fat [21]. Therefore, there exists a
need for a method to elevate temperature locally with HIFU at lower
acoustic intensities without causing significant collateral damage.

The difficulties associated with accurate energy deposition can be
mitigated by administering microbubbles during HIFU, which are con-
ventionally used as ultrasound contrast agents (UCAs). UCAs are clini-
cally approved for use in cardiology applications, such as the assessment
of coronary artery disease via left ventricular opacification in contrast
echocardiography [22], and liver applications, such as the evaluation of
liver masses in both adult and pediatric patients [23—25]. Although
ultrasound imaging with UCAs, commonly known as contrast-enhanced
ultrasound (CEUS), does not increase the temperature of the surround-
ing tissue, several studies have explored the potential of heating
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enhancement when combining microbubbles (either exogenous UCAs or
microbubbles generated in situ because of cavitation) with HIFU, which
operates at much higher focal intensities than CEUS. Holt and Roy [26]
investigated cavitation-enhanced heating at various acoustic pressure
amplitudes and insonation durations in two types of tissue-mimicking
phantoms (i.e., polyvinyl alcohol and agar), using thermocouples to
monitor temperature elevation at various distances away from the
acoustic axis. Although they did not introduce UCAs in their work, they
generated small bubbles in situ through acoustic cavitation and observed
marked enhanced heating when the inertial cavitation threshold was
exceeded. Later studies done by Tran et al. [27,28] revealed that UCA
microbubbles injected during HIFU can act as cavitation nuclei and
lower the energy threshold for HIFU-based thermal ablation. Tung et al.
[29] studied bubble-enhanced heating by embedding Definity micro-
bubbles of various concentrations in polyacrylamide phantoms. They
reported a reduction in required energy input for a fixed temperature
elevation and an increase in the size and a shift of the location (proximal
to the transducer focus) of thermal lesions. Clark et al. [30] further
investigated the concentration-dependent effect of microbubble-
enhanced heating using egg white gel phantoms with diluted UCAs and
real-time ultrasound imaging. They suggested that sustained microbub-
ble cavitation by way of an optimal combination of acoustic pressure
input and microbubble concentration is the key to effective ultrasound
heating. Interestingly, at high concentrations the diluted UCAs, which
are interspersed inside the egg white gel phantoms, introduced non-lin-
ear attenuation of pre-focal microbubbles that modified the HIFU pres-
sure field through acoustic shadowing. These changes can make the
temperature elevation and the location of thermal lesions unpredictable
and complicate the use of HIFU. Administering microbubbles to a
specific location in the phantom or tissue via local injection was sug-
gested as a method to mitigate this issue, but it has not been investigated
previously.

Although tissue-mimicking phantoms dosed with microbubbles offer
a controlled environment to study HIFU, it is still a departure from the
physiological environment of the human body where microbubbles
travel with blood in the vasculature. The use of tissue models that are
more representative of the human body, such as animal models or ex
vivo perfused organs, is important for the study of HIFU-induced local
hyperthermia. McDannold et al. [31] used contrast-enhanced magnetic
resonance imaging to evaluate the effects of HIFU-microbubble com-
bined heating and observed greater local energy absorption in rabbit
brain tissue when compared with HIFU-only treatment. Yu et al. [32,33]
reported higher rates of HIFU-induced necrosis in rabbit and goat liver
models when microbubbles were used. Hanajiri et al. [34] treated
induced tumors in rat livers with HIFU and Levovist (Schering, Berlin,
Germany) microbubbles and reported significantly greater tissue coagu-
lation in the HIFU—microbubble treatment group when compared with
HIFU-saline treatment. Kaneko et al. [35] also observed similar effects
in a rabbit liver model. However, the aforementioned studies have not
investigated the effect of microbubble concentration coupled with the
acoustic pressure or the method of microbubble delivery (dilution, vas-
cular/systemic or local injections), and consequently, any advantages of
controlled bubble-enhanced heating remain unknown.

The goal of this work was to quantitatively assess local hyperthermia
when using HIFU and commercial UCA microbubbles concurrently in
non-perfused porcine liver and ex vivo machine-perfused porcine liver
[36,37]. The use of machine-perfused ex vivo porcine livers enabled us
to study the effect of heat convection caused by blood flow and perfu-
sion. Special emphasis was placed on microbubble concentration and
the method of delivery in relation to the acoustic pressure. Vascular
injections that mimic systemic in vivo injections and local injections
were considered. We investigated the extent of focal temperature eleva-
tion in porcine liver tissues as a result of HIFU application, with and
without microbubbles, at different acoustic pressures and a range of
temperature elevations including mild hyperthermia. Ultrasound guid-
ance via a clinical ultrasound scanner was used to direct HIFU to pre-
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determined targets in the porcine liver tissue and align the thermocou-
ple. Computer simulations were used to predict and validate the
observed temperature elevation in perfused and non-perfused porcine
liver when using HIFU alone.

Methods
Experimental setup

The experimental setup consisted of a porcine liver (preparation
described in a later section) partially submerged in a container filled
with either degassed, deionized water or blood mimicking fluid (perfus-
ate) (Fig. 1). The liver was insonified from above using a single-element
focused transducer (H116; Sonic Concepts, Bothell, WA, USA) operating
at 0.9 MHz. The transducer was mounted on a metal cage and attached
to a manual three-axis micropositioner (Newport Corp., Irvine, CA,
USA). A custom 4-cm-long acrylic coupling cone (C-101; Sonic Con-
cepts) filled with de-gassed water was fitted to the HIFU transducer to
couple it to the liver. The end of the cone has a thin elastic membrane,
which was coupled to the liver with ultrasound gel. The purpose of the
cone was to provide an adjustable offset between the transducer’s sur-
face and the entry plane as the liver sample was thinner than the actual
focal length. The cone provides a fixed distance of degassed water to
guide ultrasound to the sample and avoid any form of cavitation before
entering the liver. Ultrasound pulses were generated with an arbitrary
function generator (AFG3102C; Tektronix, Beaverton, OR, USA) and
amplified by a linear power amplifier (2200L; Electronics & Innovation,
Rochester, NY, USA), before being transmitted by the transducer. HIFU
was delivered as 372,000 cycle pulses fired at a pulse repetition fre-
quency of 2 Hz (82% duty cycle) for 30 s. The 2 Hz frame rate was
selected to allow for interleaving of the HIFU exposure as described by
Clark et al. [30]. The focal acoustic pressures selected for our experi-
ments were 0.63, 1.25, 2.50 and 3.75 MPa, as measured in water with a
hydrophone. Each measurement was averaged 128 times, and the peak-
to-peak amplitude divided by 2 was recorded as the amplitude. Because
of non-linear propagation in the water, the peak positive and peak nega-
tive values for the aforementioned pressures were 0.67 and —0.59, 1.38
and —1.12, 3.0 and —2.0 and 4.81 and —2.69 MPa, respectively. The
uncertainty of the membrane hydrophone was 13%. Taking into consid-
eration the liver tissue attenuation, the in situ pressures in the liver were
estimated to be 0.6, 1.2, 2.4 and 3.5 MPa. As it was not possible to mea-
sure the in situ pressures in the liver and most propagation takes place in
the water-filled cone, we assume that the peak positive and negative val-
ues in situ would be analogous to those reported for water above. In situ
pressures are used in the remainder of the article and the figures. A C5-1
curved array transducer connected to a Philips iU-22 scanner (Philips

HIFU Transducer

Thermocouple

Coupling
Cone

Water/Perfusate

Figure 1. Experimental setup for high-intensity focused ultrasound (HIFU)
treatment of ex vivo porcine liver. A three-axis micropositioner allows alignment
of the imaging transducer (placed below the liver) with the HIFU transducer and
thermocouple. A plastic cone filled with de-gassed water couples the transducer
to the liver surface. The liver is submerged in perfusate liquid.
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Healthcare, Bothell, WA, USA) was placed below the liver to provide
real-time ultrasound images and to guide the placement of a thermocou-
ple (MT-26/6HT; Physitemp Instruments, Clifton, NJ, USA), which is a
needle microprobe. The needle thermocouple was positioned in the liver
such that its tip was at the focus of the HIFU transducer. In addition to
temperature measurements at the focus, we also measured the tempera-
ture at locations away from the focus by translating the HIFU transducer.
The procedure for alignment of the needle thermocouple with the HIFU
transducer and the imaging plane is further described below.

Acoustic pressure measurement

The transverse and axial pressure fields of the HIFU transducer were
measured in an ultrasonic water tank with a 0.4-mm-sensor-diameter
polyvinylidene fluoride membrane hydrophone (UT1604-225; Precision
Acoustics, Dorchester, UK) calibrated in the range 1-30 MHz. Hydro-
phone measurements were compared with theoretical predictions based
on the Rayleigh integral to find more accurate estimates of the trans-
ducer radius and focal length [30]. The focal depth and diameter were
found to be 62.1 and 58.2 mm, respectively. The half-amplitude distan-
ces in the axial and transverse directions were ~15.8 and ~2.5 mm,
respectively. We can model the focal volume as a prolate spheroid with
the above half-amplitude distances as its semi-axes:

-0

Here, R and Z are the transverse and axial half amplitude distances
respectively, resulting in an estimated volume, V, of 51.71 mm>. To
evaluate the influence, if any, of the C-101 coupling cone on the acoustic
field, hydrophone measurements at the focus were taken with and with-
out the cone attached and no differences were noted. Also, because the
acoustic impedances of water and liver tissue are very similar, the reflec-
tion coefficient is 0.02, suggesting very little, if any, energy reflecting at
the interface.

Liver tissue preparation

The sources of porcine livers used in this work include local commer-
cial farms, slaughterhouses and affiliated research groups that used por-
cine research models for other research purposes. Use of ex vivo perfused
livers in this study did not require an Institutional Animal Care and Use
Committee approval, as verified by our academic institution. Our
machine-perfused porcine liver setup is a modified version of the proce-
dure previously described [36,38]. Briefly, a porcine liver was resected
from a deceased pig with the portal vein and the hepatic artery largely
preserved. The resection was completed within 30 min of the animal’s
death to limit ischemic necrosis as well as stenotic and thrombotic

(a)
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changes to the hepatic tissue, which would otherwise severely compro-
mise the ex vivo perfusion of the liver in the laboratory. Once the liver is
outside the body, the portal vein and hepatic artery of the liver were
cannulated and flushed, first with 8 L of lactated Ringer’s solution (6 L
at room temperature and 2 L ice-cold), then with 3 L of ice-cold histi-
dine—tryptophan—ketoglutarate (HTK) solution (prepared in-house).
Subsequently, the liver was submerged in 2 L of HTK solution in static
cold storage and transported back to the laboratory, where it was con-
nected to a normothermic machine-perfusion system. The liver was then
perfused with 8 L of blood-mimicking fluid that consisted of Powdered
Williams Medium E (Sigma-Aldrich, St. Louis, MO, USA), sodium bicar-
bonate (Sigma-Aldrich), heparin (Fisher Scientific, Waltham, MA, USA),
insulin (Lantus SoloStar Pen, Sanofi, Paris, France) and dexamethasone
(Sigma-Aldrich). The liver was also supplied with 95% oxygen/5% car-
bon dioxide via an oxygenator (Affinity NT Oxygenation System; Med-
tronic, Dublin, Ireland) in a custom-made machine-perfusion system to
maintain the viability of the liver. Two flowmeters (EW-32461-44 and
EW-32460-40, Cole-Parmer) were used to regulate perfusion to the por-
tal venous system and hepatic arterial system. Finally, the liver was sub-
merged in blood-mimicking fluid using the setup illustrated in Figure 1.
For the non-perfused livers, we used untreated segments of the machine-
perfused livers after they were removed from the machine-perfusion
system.

Microbubble injection and temperature measurement

Alignment of the HIFU transducer and the needle thermocouple was
done with ultrasound guidance by the method described by Keravnou et
al. [38] (Fig. 2). First, the needle thermocouple was inserted into a 19G
needle, which acted as a sound-reflective sheath for identifying the loca-
tion of the thermocouple as well as a stationary channel for local injec-
tions. This thermocouple—needle combination was then inserted into
the porcine liver and spatially manipulated until maximal echogenicity
was visualized on the iU-22 ultrasound scanner (Fig. 2a). Visualization
of the thermocouple—needle combination was possible because of
incomplete linear signal cancellation in the non-linear amplitude modu-
lation mode [39] of the imaging probe. The HIFU transducer with the
coupling cone was then placed on the liver tissue from above, and the
amplifier was activated while the function generator remained off. This
produced a radiofrequency interference signal (Fig. 2b) in the ultra-
sound image where the focus of the HIFU beam could be visualized and
aligned with the tip of the needle. The precision of the alignment tech-
nique is +£0.5 mm. Another option for aligning the thermocouple was
the use of small temperature increases with low-amplitude exposures.
However, this technique can still cause some microbubble disruption,
and we opted not to use it.

Sonazoid microbubbles (GE Healthcare, Amersham, UK) were intro-
duced to the liver via local injections with a 19G needle at the HIFU

Microbubble

Figure 2. (a) B-mode (fundamental) image of the liver revealing placement of the thermocouple in the target area. (b) By use of a radiofrequency (RF) artifact, the
focus of the high-intensity focused ultrasound (HIFU) transducer is shown in the liver image and aids the placement of the tip of the thermcouple at the focus. (¢) Con-
trast image of the liver revealing microbubbles after a local injection collecting at the tip of the thermocouple. (d) Contrast image of the liver revealing the vessel struc-

ture of a liver area after a systemic microbubble injection in a perfused pig liver.
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focus (which is also at the tip of the thermocouple as previously
described) or vascular injections (mimicking systemic in vivo injections)
into the portal vein and hepatic artery, also with a 19G needle and
through an inline rubber port. When local injections of microbubbles
were used, the thermocouple was briefly removed from the guide needle
and 0.05 mL of Sonazoid (estimated concentration: 2 x 10% MBs/mL)
was injected through the same guide needle directly into the tissue (not
the vessels) using a method similar to that by which percutaneous etha-
nol injections are performed for clinically treating some liver tumors.
The presence of the injected microbubbles was confirmed with the C5-1
imaging probe while scanning in contrast mode (Fig. 2c). Contrast
images were collected using a non-linear technique (amplitude modula-
tion at 1.7 MHz) at a low mechanical index (0.05) to avoid bubble
destruction and in a contrast side-by-side format with non-linear imag-
ing on one side and fundamental imaging on the other [39]. The thermo-
couple was immediately re-inserted through the guide needle after the
bubble injection. Realignment was performed where necessary. When
using vascular/systemic injections of microbubbles, simultaneous injec-
tions of 0.3 mL of Sonazoid into the portal vein and/or hepatic artery
were performed. The microbubbles then flow to the area of interest with
the blood flow in the same way that systemic intravenous injections
arrive in the liver of patients. The time between injection of the micro-
bubbles and arrival at the site of interest, as confirmed with contrast
imaging (Fig. 2d), was about 30 s.

The sequences of HIFU application were identical regardless of local
or vascular/systemic injection of the microbubbles. First, baseline tem-
perature measurements at the HIFU focus were recorded prior to HIFU
application. All experiments took place at room temperature, 23°C. Pre-
vious studies have reported that microbubble response at room tempera-
ture differs only slightly from responses at body temperature (37°C) and
can be offset by using slightly higher concentrations [40]. After HIFU
was switched on, focal temperature measurements were recorded. To
make off-axis temperature measurements, the three-axis micropositioner
was used to adjust the lateral position of the HIFU transducer while the
thermocouple remained fixed.

Bioheat simulations

Temperature elevation is defined as AT = T — Ty, where T and T are
the current and initial temperatures, respectively. In the absence of
microbubbles, AT was modeled using the bioheat transfer equation
described by Pennes [41]. The bioheat equation is a linear parabolic
heat equation that assumes tissue can be modeled as a continuum, where
heating effects from vessels are uniformly accounted for to avoid local-
ized inhomogeneities. The equation addresses two mechanisms of heat
transfer in the body—conduction within the tissue and convection
caused by blood flow—and three methods of heat generation—absorp-
tion of energy, blood perfusion and metabolic activity. In the study
described here, we used ex vivo tissue, so we ignored the metabolic
energy term in the equation. To address both tissue types, we used the
following bioheat equation to predict change in temperature per unit
volume:
pc,,%f: V2T +0+Q, 2)
where p is the density of the medium (water: 1000, liver: 1060 kg/m?),
¢, is the specific heat capacity of the medium (water: 4180, non-perfused
liver: 3500 J/kg/K, perfused liver: 3500 J/kg/K), k is the thermal con-
ductivity of the medium (water: 0.610, liver: 0.534 W/m/K) and T rep-
resents temperature in degrees Kelvin (K). The final two terms, Q and
O, are the rate of heat generation from the acoustic field and the rate of
heat transfer caused by blood perfusion per unit volume, respectively.
For monochromatic sound waves, the rate of energy generation per unit
volume in tissue can be expressed as

0 =2al (3)
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where «a is the absorption coefficient of the medium (water: 0.025, non-
perfused liver: 8.19 Np/m/MHz, perfused liver: 4 Np/m/MHz), and
I (Pa?) is the intensity of the radiated waves. As this equation assumes
monochromatic waves, it does not apply when there is non-linear propa-
gation and harmonic generation. For the higher pressures used in the
present work there may be some non-linear distortion that was not mod-
eled with our theoretical simulations because we assumed monochro-
matic waves at the amplitudes that we have measured in water and then
de-rated for tissue attenuation. The transfer of thermal energy from
blood flow per unit volume is given as

Qp = cgWs(T — Tg) (4)

where cg, Wp and Tj are the specific heat capacity (3770 J/kg/K), perfu-
sion rate (kg/m3/s) and ambient temperature (K) of blood respectively
[42]. In this study, the perfusate solution flowing through the machine-
perfused model mimics the properties of blood and was maintained at
room temperature such that 7 ~23°C. As the rate of perfusion was lim-
ited by the flow rate of the machine-perfusion system, the perfusion rate
was estimated from an average flow rate of 200 mL/min for 10 L of per-
fusate with density 1060 k/m?> to yield W = 0.3533 kg/m?/s. For model-
ing machine-perfused tissue, all terms are used to predict temperature,
while for non-perfused modeling, 0, = 0.

Results
Non-perfused ex vivo tissue

The measured change in focal temperature (AT) in non-perfused ex
vivo liver tissue (N = 8) as a function of time for different pressures is
illustrated in Figure 3. The blue curves represent the measured (dashed
line) and simulated (dotted line) AT in the absence of microbubbles. The
green lines represented AT when microbubbles are used. The shaded
regions represent one standard deviation.

At low pressures, 0.6 MPa (Fig. 3a) and 1.2 MPa (Fig. 3b), with no
microbubbles injected, there is a gradual temperature increase when
HIFU is active from 10 s to 40 s, followed by a gradual temperature
decrease as the liver tissue cools. Measurements and simulations are in
good agreement at these low pressures. When microbubbles are intro-
duced at these pressures, two prominent indicators of tissue heating are
seen: an initial rapid temperature rise within the first second of HIFU
activation, and a significant difference in peak temperature compared
with HIFU-only treatments. At 0.6 MPa there was a 3.5°C increase in AT
during the first second of heating and a 7°C difference in peak AT. The
same trend with an initial 4.9°C AT increase during the first second of
heating and a 12°C difference in peak AT was observed at 1.2 MPa. How-
ever, at higher pressures, 2.4 MPa (Fig. 3c) and 3.5 MPa (Fig. 3d), we see
that the temperature profiles with or without microbubbles are similar.
This result was assumed to be caused by cavitation of residual air micro-
pockets in the liver tissue, an effect confirmed with imaging during the
procedure. At these higher pressures, cavitation is nucleated in both
cases, from either UCAs or trapped gas pockets in the tissue, and we
observe similar AT regardless of whether microbubbles had been
injected. For clarity, the shaded region representing a standard deviation
has been removed from the higher pressures as error behavior was con-
sistent with the corresponding shaded regions of the lower pressures.
Simulations of HIFU with no microbubbles at these higher pressures
(2.4 and 3.5 MPa) reveal a similar or slower temperature rise compared
with our measurements. Interestingly, the cooling behavior at 3.5 MPa
was much slower with microbubbles than without. One reason for this
might be the irregular shape of the UCA bolus (see, e.g., Fig. 2c), which
may have caused the location of the maximum heating to take place
slightly away from the tip of the thermocouple. The slow cooling may
also be attributed to a larger area being heated and a longer time being
required to cool down. These two points are discussed further in the
next section.
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Figure 3. Measured and simulated temperature elevation (AT) with and without microbubbles during 30 s of high-intensity focused ultrasound (HIFU) exposure and
80 s after exposure at four focal acoustic pressures: (a) 0.6 MPa, (b) 1.2 MPa, (c) 2.4 MPa, (d) 3.55 MPa. Shaded areas indicate one standard deviation. MB, microbub-

bles; sim, simulation.

The AT for all pressures is further summarized in Figure 4a,
which illustrates the peak measured focal AT at each non-derated
(water) focal pressure in the presence and the absence of microbub-
bles. The temperature gain caused by microbubbles is the difference
between the green (with bubbles) and the blue (without bubbles) lines.
At lower pressures (0.6 and 1.2 MPa) there is a greater temperature
gain, and at higher pressures this effect is reduced mainly because of
cavitation in the tissue caused by air pockets and other native cavita-
tion nuclei. At the highest pressure setting (3.5 MPa), the maximum
AT was the same with and without microbubbles. Native cavitation
also increased the variability of peak temperature measurements at
higher pressures, represented by larger error bars at 2.4 and 3.5 MPa.
Another time of interest was 35 s after heating had concluded (at 75 s
total time according to Fig. 3) to investigate the cooling of the medium
and is illustrated in Figure 4b. AT was consistently greater at this time
point for all focal pressures when microbubbles were injected into the
tissue (the green line is above the blue line), and it continued to increase
with increasing focal pressure. Given the AT saturation observed in
Figure 4a at 3.5 MPa and the increased retention of heat for all focal

pressures with microbubbles in Figure 4b, heating with microbubbles
leads to similar temperatures but slower cooling rates compared with
HIFU alone, which in turn suggests a larger heated area has been
formed at higher pressures (2.5 and 3.5 MPa). The heated area is
defined as the area where the temperature during HIFU exposure is
greater than half the maximum temperature reached. A positive out-
come from using microbubbles is when the relative AT with injected
microbubbles is greater than the AT without microbubbles and/or the
heated area with microbubbles is greater than the heated area without
microbubbles. The results for 3.5 MPa are further discussed in the next
section.

In Figure 5, AT is illustrated with (green) and without (blue dashed)
microbubbles measured 1 mm radially away from the axis at the focus
for all the pressures considered. At this location, the measurements
reveal significant AT enhancement when using microbubbles at all pres-
sures. Native cavitation described above that reduced the temperature
enhancement at the higher pressures on axis (Fig. 3c, 3d) is less pro-
nounced off axis. To be able to clearly distinguish the differences
between the curves, we did not include a shaded region representing a

50 - 30 -
() -@-NoMB —@— MB (b)
40 - 25 A
20 -
.30 -
S 15 |
20 -
5 10 -
10 A 5 |
0 T T T 1 0 1

1 2
Focal pressure (MPa)

3

Focal pressure (MPa)

Figure 4. Measured temperature elevation as a function of acoustic pressure (a) after 30 s of heating and (b) 35 s after the end of heating. Error bars indicate one stan-

dard deviation. MB, microbubbles.
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Figure 5. Measured temperature elevation 1 mm radially off axis with and without microbubbles for four non-derated focal pressures: (a) 0.6 MPa, (b) 1.2 MPa,
(¢) 2.4 MPa, (d) 3.5 MPa. Shaded areas indicate one standard deviation. MB, microbubbles.

standard deviation. The recorded standard deviation was similar to that
of the axial measurements in Figures 3 and 4.

Machine-perfused tissue

In Figure 6, AT measurements and predictions from eqn (2) in both
perfused and non-perfused liver when not using microbubbles at an
acoustic pressure of 1.2 MPa are shown to evaluate the effect of blood
flow and perfusion. Measurements were repeated six times, and the
shaded area represents the standard deviation (spread of our measure-
ments). The use of machine perfusion (physiological flow in the liver)
adds convection because of the flow, also modeled by eqn (2). For the
same acoustic input energy, AT in the machine-perfused liver was lower
compared with that in the non-perfused liver. Tissue cooling was faster
in machine-perfused liver once HIFU was turned off. Heat was dissipated
by the circulating perfusate, which acted as a heat sink because of its
larger volume and lower relative temperature. Our simulations with per-
fusion mostly agree with the measured data but predict a faster cooling
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Figure 6. Focal temperature elevation (AT) in perfused and non-perfused por-
cine liver with no microbubbles at an acoustic pressure of 1.2 MPa (non-
derated). Solid and dashed lines represent average measured temperatures of per-
fused and non-perfused liver respectively, with a shaded region indicating one
standard deviation. The dotted lines represent predicted focal temperatures in
perfused and non-perfused liver with no microbubbles. sim, simulation.
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rate, which may indicate a reduced quality of expected perfusion in the
ex vivo experiments.

In Figure 7, we show AT in a perfused liver (N = 4) with and without
microbubbles supplied either systemically (injected into the main feed-
ing vessels) or locally (injected directly at the focus under image guid-
ance) at pressures 1.2 MPa (Fig. 7a) and 2.4 MPa (Fig. 7b). Again, the
shaded areas have been removed for clarity, with error trends with and
without microbubbles established in Figures 3 and 6, respectively. A pre-
diction of AT in the perfused liver without microbubbles (dotted red line)
was also included for both pressures. At the lowest pressure (0.6 MPa,
not shown here), there was no AT because of perfusion-related heat dis-
sipation. At the highest pressure (3.5 MPa, also not shown here), intense
cavitation activity confirmed with imaging resulted in no AT difference
between using and not using microbubbles. At pressures 1.2 MPa
(Fig. 7a) and 2.4 MPa (Fig. 7b), we observe that the local injections
result in markedly higher AT as seen previously with the non-perfused
liver. Vascular/systemic injections led to AT values similar to those
observed without microbubbles at both pressures. Like the non-perfused
liver temperature measurements in Figure 3, local injections in Figure 7
show a temperature profile at 1.2 MPa with a steep initial slope followed
by a smooth temperature increase. At 2.4 MPa, the local injection tem-
perature profile has an even steeper initial slope followed by tempera-
ture saturation caused by excessive cavitation. In summary, at these
pressures there is a significant heating enhancement only with local
injections.

Discussion

The objective of this work was to investigate temperature elevation
with HIFU (noting that HIFU does not always imply thermal ablation) in
the presence of UCA microbubbles in an ex vivo porcine liver, with and
without machine perfusion, which we consider to be very close to the
physiologic environment in human tissue. The use of machine perfusion
allowed for evaluation of the effect of blood flow and perfusion on heat
transfer in the liver. We compared HIFU with local microbubble injec-
tions at the focal region to HIFU with vascular/systemic microbubble
injections via the portal vein and/or hepatic artery in terms of the tissue
AT they induce. Heating enhancement was confirmed with needle ther-
mocouple measurements (a) at the focus and 1 mm laterally away from
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Figure 7. Measured focal temperature elevation (AT) in machine-perfused porcine liver with and without microbubbles (MB) at two focal pressures: (a) 1.2 MPa,
(b) 2.4 MPa. Two microbubble delivery methods were used: local injection (solid line) and systemic injection (short-dash line). Theoretical predictions of focal tempera-
ture elevation in perfused porcine with no microbubbles are represented by dotted lines. MB, microbubbles; sim, simulation.

the focus after 30 s of heating and (b) 35 s after turning off HIFU and
while the tissue was cooling down.

Our results indicated that, in both perfused and non-perfused porcine
livers, HIFU with local microbubble injections led to greater tissue tem-
perature elevation (AT) relative to HIFU-only treatment. In contrast,
HIFU with systemic microbubble injections caused little to no enhance-
ment in tissue temperature elevation compared with HIFU without
microbubbles. We attribute this result to a need for a high concentration
of microbubbles at the target area of the HIFU treatment but not every-
where else in the path of the beam. Clark et al. [30] reported a similar
observation. They varied the concentration of uniformly diluted micro-
bubbles in an egg white phantom and studied its effects on temperature
elevation and lesion formation after HIFU exposure. They found that as
the microbubble concentration increased, the heating enhancement
from microbubbles also increased. However, as the microbubbles were
evenly diluted throughout the phantom, their highest microbubble con-
centrations led to excess attenuation (acoustic shadowing) along the
path of ultrasound. This shadowing shifted the maximum temperature
and the treatment area away from their thermocouple and closer to the
HIFU transducer. They used both optical images and pre-focal tempera-
ture measurements to confirm the shift of the heated area. In our study,
local injections of microbubbles provided sufficient concentration only
around the focal area and led to significant heating enhancement with-
out encountering acoustic shadowing and the shift of the heated area
observed by Clark et al. [30], as there are no microbubbles along the
HIFU beam path to attenuate the sound. In our study, although vascu-
lar/systemic injections used a larger initial concentration of microbub-
bles compared with local injections, these microbubbles were diluted
and distributed throughout the porcine liver vasculatures, resulting in
low effective microbubble concentrations at the treatment site. In addi-
tion, the quality of perfusion in the ex vivo livers was moderate, and
some areas were not fully perfused. Compromised perfusion in some tis-
sue areas further reduced the number of available microbubbles for
heating enhancement when using systemic injections. We suspect that
these are the most prominent factors that led to the lack of enhanced tis-
sue temperature elevation in HIFU with systemic microbubble injec-
tions. Although it may still be possible to enhance the heating with
systemic injections of microbubbles in a more perfused tissue, we sus-
pect that the higher concentrations of microbubbles will introduce
acoustic shadowing as it was also observed in a previous study [30]. As
such, we hypothesize that, to enhance heat deposition with HIFU with
systemic administration of microbubbles, a fine balance must be struck
between delivering sufficient microbubbles to the treatment site while
preventing acoustic shadowing. An added complication is that the
acoustic shadowing caused by high microbubble concentration is also
amplitude dependent [43,44].

Our experimental results indicated that the acoustic pressure ampli-
tude plays an important role. The AT increase at the focus resulting from
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the use of microbubbles was more pronounced at the two lower pres-
sures (0.6 and 1.2 MPa) than at the two higher pressures (2.4-3.5 MPa).
However, there was overall heating enhancement at all pressures as con-
firmed with the focal temperatures during the cooling process (Fig. 4b)
and the off-axis measurements (Fig. 5), which also suggest an increase
in the heated area. The increased cavitation activity around the focus
(with injected UCAs or caused by native cavitation in tissue at higher
pressures) can scatter the ultrasound in the neighboring tissue and
increase the heated area.

We attribute the heating enhancement caused by microbubbles to
two kinds of cavitation activity: cavitation of the injected UCA micro-
bubbles and native cavitation within the medium without injecting
microbubbles. Keller et al. [45] have previously studied cavitation of
microbubbles, specifically the inertial cavitation threshold (evidenced
by the onset of broadband noise in scattered frequency spectrum) of var-
ious clinical microbubbles. For Sonazoid, which we used in the present
study, they found its cavitation threshold to be approximately 0.3 MPa
in a water tank in which microbubbles were able to freely move. We sus-
pect that in a physiological environment such as our porcine liver mod-
els, where Sonazoid microbubbles are spatially confined, the cavitation
threshold is likely to be at a higher acoustic pressure. Using Sonazoid
diluted in egg white gel phantoms, Clark et al. [30] found that sustained
microbubble activity, which was assumed to be inertial cavitation,
occurred above a critical pressure threshold of 0.5 MPa. Given the simi-
lar HIFU source and acoustic pressures, we can assume that the cavita-
tion of microbubbles observed in this work was inertial at all focal
pressures (0.6—3.5 MPa). Holt and Roy [26] studied native cavitation
with microbubbles generated in situ in agar phantoms and found that
surpassing the inertial cavitation threshold of these media led to
enhanced focal temperatures. For longer pulse durations like the 30 s
heating of this study, they found an inertial cavitation threshold of ~2
MPa, considerably larger than the threshold of clinical microbubbles. At
these pressure settings, temperature measurements deviate from the bio-
heat equation when cavitation is not included in the model and exhibit a
greater heating rate. Holt and Roy also noted a saturation of peak tem-
perature as acoustic pressure increased beyond the inertial cavitation
threshold, which they attributed to bubbles shielding the focal area by
scattering the acoustic wave and diffusing energy deposition. Although
we did not directly measure inertial cavitation in this study, our temper-
ature elevation measurements and the points raised above suggest that
inertial cavitation was likely present in all the conditions evaluated. Spe-
cifically, the temperature measurements for higher focal pressures (2.4
and 3.5 MPa) in the absence of UCA microbubbles (Fig. 3c, 3d), where
both pressure settings led to temperature saturation and a similar or
greater heating rate in the experiment compared with what simulations
predicted, suggesting that inertial cavitation of the residual air micro-
pockets and other cavitation nuclei within the liver occurs. Therefore,
when UCA microbubbles are present, the two lower pressures (0.6 and
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1.2 MPa) are above the inertial cavitation range of the UCA microbub-
bles but below the inertial cavitation threshold of residual air pockets in
the medium. We refer to this pressure range as “controlled” bubble-
enhanced heating. This is illustrated in Figure 4a for 0.6 and 1.2 MPa,
where cavitation of the UCA microbubbles leads to significant AT
enhancement. However, as pressure increases (e.g., 2.4 and 3.5 MPa)
beyond the inertial cavitation threshold of both the injected UCA micro-
bubbles and residual air micropockets in the medium, intense cavitation
shields the focal area from further energy deposition and AT reaches a
plateau. We refer to this pressure range as ‘“uncontrolled” bubble-
enhanced heating. There is still some added benefit from using UCA
microbubbles even at these higher pressures evidenced by the tissue
temperature during cooling (Fig. 4b) and the off-axis measurements
(Fig. 5).

One main limitation of this work was the accuracy of our needle ther-
mocouple alignment, especially with microbubbles present. Another
thermocouple-related limitation was that we were only able to measure
the temperature at one point in space at a time. Although done under
image guidance, the needle thermocouple was inserted by hand and had
an estimated placement accuracy of 0.5 mm. The inaccuracy in place-
ment is due largely to microbubbles obscuring the tip of the thermocou-
ple, as seen in Figure 2c. As our thermocouple was initially aligned to
the focus of the HIFU transducer, re-insertion of the thermocouple tip
following microbubble injection may have caused it to shift away from
the presumed HIFU focus per alignment. The irregular bolus shape of
the microbubble cloud in Figure 2¢ may have also resulted in the AT sat-
uration (green line plateaus at 3.5 MPa in Fig. 3d). At this high pressure,
the microbubble cloud shape caused the maximum temperature eleva-
tion to occur slightly in front of the thermocouple. Thus, the actual maxi-
mum temperature in the tissue would likely have been much higher than
70° C and this would explain the much slower cooling rate observed.
Given our setup, it was also not possible to align our thermocouple par-
allel to the acoustic axis (to limit the viscous heating artifact), as sug-
gested by Holt and Roy [26] and also discussed in depth by Morris et al.
[46]. As stated in the Morris et al. work, needle thermocouples (the type
of thermocouple we used) generate a less viscous heating artifact or
there is a second systematic effect, likely to be thermal conduction along
the wire, which acts to reduce the effect of this heating. Also, our tem-
perature measurements without microbubbles were in good agreement
with our simulations, indicating that the viscous heating artifact did not
significantly affect our measurements. Yet another limitation to our
study is the use of only one thermocouple to take temperature measure-
ments, which compromised our ability to directly probe the full size of
the heated area created. This could be alleviated by using volumetric
temperature measurement techniques such as thermal camera imaging
[47] and magnetic resonance temperature measurements [48]. How-
ever, these potential workarounds introduce new challenges such as
thermal imaging being limited to surface measurements and magnetic
resonance having lower spatial and temporal resolution, in addition to
being very costly and introducing compatibility complexities. Despite
the aforementioned limitations to using a thermocouple, our approach
proved to be simple and effective and to provide reliable temperature
elevation measurements in tissue in the presence of microbubbles.

The clinical applicability of our findings is left to be determined
because of the reliance on local injections of microbubbles as a means of
enhancing temperature rise in a small target area. Although local injec-
tions are not a clinically approved method for UCA administration (only
intravenous injections, which we have been referring to as systemic, are
allowed), there have been research works reported in which in vivo local
microbubble injections were used [49].

It still seems possible that systemic injections can significantly
enhance the heating during HIFU in vivo only if an adequately high con-
centration of microbubbles is successfully delivered to the target area.
Treatment of hypervascular tumors (not only for ablation but also for
mild hyperthermia for enhanced drug delivery) may be a suitable target
application for microbubble-enhanced HIFU. One example is
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hepatocellular carcinoma, which is a primary liver malignancy charac-
terized by an early hypervascular arterial enhancement relative to the
normal liver parenchyma in CEUS scans [50]. This could indicate an
early diversion of blood flow to the tumor, which would increase micro-
bubble concentration in the tumor and enhance heating during HIFU.
Pending further investigation, a possibility remains that the microbubble
concentration in vivo would not reach the optimal level required for
significant heating enhancement with HIFU. The option to perform
local bubble injections in a manner similar to that used to perform
percutaneous ethanol injections clinically is still available and,
according to the work presented here, might lead to more efficient
local heating. Although in vivo work presents many new challenges,
the insights into microbubble-enhanced heating from our work here
may provide useful initial guidance toward the development and
success of such treatments.

The methods proposed in the present work are not specifically
targeted to HIFU ablation; they could be also used for drug uptake
enhancement with local mild hyperthermia where a temperature ele-
vation of 5°C—10°C is required. This would allow for a larger treat-
ment area and transducers with lower focusing gains operating at
lower amplitudes than HIFU ablation. Ultrasound cavitation treat-
ments for enhanced drug delivery [38,51] that use long ultrasound
pulses could be modified to deliver higher intensities (not necessar-
ily amplitudes) and thus combine mechanical and thermal effects
for treating the tumor microenvironment. We envision such a tech-
nique to be performed with either a few intravenous boluses or mul-
tiple small local injections of microbubbles and the treatment
procedure to last 10-20 min. It may also be possible that a clinical
imaging transducer could generate these conditions.

Conclusion

In this study we found that adjunctive use of HIFU with UCA
microbubbles can lead to greater temperature elevations compared
with HIFU alone. We identified the acoustic pressure and the micro-
bubble concentration as the two important parameters. In non-per-
fused porcine liver, low acoustic pressures (<2 MPa) with local
injections of microbubbles led to greater temperature elevation at
the focus than when no microbubbles were used. Higher pressures
(>2 MPa) produced cavitation in the tissue even without injecting
microbubbles and offered reduced gain in focal temperature eleva-
tion when injecting microbubbles. At all pressures, the heated area
was larger when microbubbles were injected.

In the perfused porcine liver where blood flow affects heat dissipa-
tion, we observed that only local injections of microbubbles had a suffi-
cient microbubble concentration to induce enhanced heating during
HIFU. There is a threshold microbubble concentration required for
enhanced heating that the systemic injections were unable to provide.
Overall, local injections of microbubbles can induce temperature
increase and heated area enhancement in HIFU treatments.
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