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ABSTRACT
Purpose: Ultrasound contrast agent microbubbles were combined with magnetic resonance imaging
(MRI)-guided focused ultrasound (MRgFUS) as a means to achieve mild hyperthermia at reduced
power levels.
Methods: MRgFUS hyperthermia (42�C for 20min) was evaluated in rabbit thigh muscle or Vx2 tumors
using infusions of microbubbles (Definity, 20 mL/kg) or saline (sham) administered over 5min. The
impact of treatments on drug uptake was assessed with liposomal doxorubicin (Caelyx, 2.5mg/kg).
Applied power levels before and after the injection of microbubbles or saline were compared, and
drug uptake was evaluated with fluorometry of tissues harvested 24hr post-treatment.
Results: MRgFUS hyperthermia in muscle and tumors resulted in accurate temperature control (mean
¼42.0�C, root mean square error (RMSE)¼ 0.3�C). The power dropped significantly following the injec-
tion of microbubbles in muscle and tumors compared to exposures without microbubbles
(–21.9%±12.5% vs –5.9%±7.8%, p¼ .009 in muscle; –33.8%±9.9% vs –3.0%±7.2%, p< .001 in tumors).
Cavitation monitoring indicated emission of subharmonic, ultraharmonic, and elevated levels of fourth
to sixth harmonic frequencies following microbubble injection. The drug delivery was elevated signifi-
cantly in muscle with the use of microbubble-assisted relative to conventional heating (0.5 ±0.5 ng/mg
vs 0.20±0.04ng/mg, p¼ .05), whereas in tumors similar levels were found (11±3ng/mg vs 16±4ng/
mg, p¼ .13).
Conclusions: The finding that microbubbles reduce the applied power requirements for hyperthermia
has considerable clinical implications. The elevated levels of drug found in muscle but not tumor tis-
sue suggest a complex interplay between the heating effects of microbubbles with those of enhanced
permeabilization and possible vascular damage.
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Introduction

Hyperthermia has long been used in cancer therapy and has
the potential to significantly improve patient outcomes [1,2].
Mild hyperthermia exposures (39�C–45�C) applied for tens of
minutes and even as long as several hours are capable of
improving the effects of radiotherapy and chemotherapy [3].
Radiotherapy is promoted through temperature-induced radio
sensitization of tumors and through increased blood flow and
oxygenation that accompanies mild hyperthermia [4].
Chemotherapy is promoted through temperature-enhanced
drug response, along with possible increased delivery associ-
ated with elevated blood flow and the increased size of endo-
thelial pores in the tumor vasculature [5–7]. Hyperthermia has
also been shown to specifically increase the permeability of
tumor vessels and decrease interstitial fluid pressure which
can further leverage what is known as the enhanced perme-
ability and retention (EPR) effect [8] in tumors to improve
drug delivery and treatment efficacy.

An historical barrier to the widespread clinical adoption of
hyperthermia has been the availability of effective delivery
and temperature verification systems [9,10]. One promising
method of achieving non-invasive hyperthermia in deep-
seated tissues is with focused ultrasound (FUS) which has
been employed for decades in thermal therapy for both
hyperthermia and ablative purposes [11–14]. By combining
FUS with magnetic resonance imaging (MRI) thermometry
[15], a completely non-invasive thermal procedure can be
performed [16]. The soft tissue delineation of MRI combined
with the ability of FUS to heat deep-seated tissues allows for
precisely targeted and controlled hyperthermia exposures
capable of adequately exposing the whole tumor while
avoiding the thermal destruction of surrounding normal tis-
sue. This technique is currently being applied in several
oncological applications [17,18] and has significant clinical
potential to improve the effectiveness of radiotherapy and
chemotherapy. The latter includes conventional chemothera-
peutic agent formulations [19], as well as thermosensitive
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nanoparticles capable of releasing their drug payload at mild
hyperthermia temperatures. The latter is an active area
of investigation with several groups performing research in
this field [20–23]. Much of the relevant work has been
reviewed in [24].

There are, however, cancers located at sites that pose sig-
nificant challenges for current ultrasound-based heating
approaches. For example, liver tumors are shielded by bone,
which absorbs ultrasound energy, thereby giving rise to
unintended off-target heating. With liver, there is an add-
itional issue of respiration-induced tissue motion that can
make imaging for targeting and monitoring difficult. Many
tumors can be highly perfused and in proximity to large
blood vessels which act as heat sinks [25,26] and inhibit the
ability to elevate temperatures by conventional heating
schemes that employ continuous ultrasound exposures [27].
New heating methods are therefore required to overcome
these issues to expand the range of tumor types that can be
effectively treated. One approach to doing this, the subject
of the present paper, may be to combine the sonication with
microbubble contrast agents. Microbubbles have been found
to increase the temperature elevation in the focus of an
ultrasound field [28,29] through two main mechanisms [30].
The first is the backscatter of higher harmonics which are
preferentially absorbed by the surrounding tissue [31] and
the second is the viscous oscillation of the microbubbles in
the bloodstream [32,33]. In addition, by combining FUS with
microbubbles, several therapeutically relevant bioeffects can
be elicited (see review [34]). Most notably, this technique has
shown its capacity to transiently permeabilize microvessels
without causing permanent damage [35] which presents a
unique avenue for safe, non-invasive targeted delivery of
large molecule therapeutics [36,37]. Similarly, ultrasound
exposure with microbubbles has been shown to cause vascu-
lar occlusions [38] potentially resulting in reduced heat trans-
fer by blood perfusion. However, the potential of reduced
perfusion may also result in reduced drug delivery when
chemotherapy enhancement or thermal drug release is the
aim of the hyperthermia treatment.

In this work, we investigate the use of microbubbles in
combination with ultrasound-based hyperthermia. A primary
objective is to determine whether it can reduce the power
requirements to achieve hyperthermia. This is accomplished
using MRgFUS that incorporates temperature feedback
control, and experiments are carried out in both muscle
and experimental tumors. Furthermore, the experiments
were carried out with the systemic injection of Caelyx, a
clinically approved liposomal formulation of doxorubicin,
which if successful would provide a shortened path to clin-
ical testing.

Materials and methods

Animals and Vx2 tumors

All animal procedures were approved by the Animal Care
Committee at Sunnybrook Research Institute, Toronto,
Canada. Experiments were performed in 39 male New
Zealand white rabbits that ranged in weight from 2.5 to

3.7 kg. Tumors were initiated in a subset of animals (22/39)
6–7 days before treatment through the injection of 0.8 mil-
lion Vx2 carcinoma cells suspended in 100 mL of Hank’s bal-
anced salt solution in both thigh muscles. The tumor
initiation protocol resulted in tumors of at least 8mm in
diameter visible on contrast-enhanced T1-weighted imaging.
A further subset of tumor-bearing rabbits (11/22) received
bilateral tumor injections for doxorubicin quantification, one
tumor was heated and the other served as a control.

In all groups, long-circulating liposomal doxorubicin
(CaelyxVR , 2.5mg doxorubicin/kg body weight, Janssen Inc.,
Toronto, Canada) diluted in equal parts of 5% dextrose solu-
tion was administered intravenously as a slow bolus injection
over 5min during MRgFUS hyperthermia once the prescribed
temperature of 42�C was reached (i.e., 5min into the heating
paradigm). Rabbits in this study were assigned into one of
two treatment groups and this was the case for both animals
with and without Vx2 tumors. In the first group, rabbits
received contrast agent microbubbles (DefinityVR , 20 mL/kg,
Lantheus Medical Imaging, North Billerica, MA) whose half-
life in vivo is 1.3min [product insert], diluted in 5mL of saline
following the injection of Caelyx, and in the second group,
rabbits received saline without microbubbles following the
injection of Caelyx. Injections of microbubbles or saline were
administered manually at 10min into the heating paradigm
and were complete at 15min into heating. Manual injections
are subject to variation in the infusion rate and in an effort
to minimize these variations the same author performed the
injections for all experiments.

Prior to treatment, rabbits were anaesthetized with a mix-
ture of 50mg/kg of ketamine (V�etoquinol, Magny-Vernois,
France) and 5mg/kg of xylazine (Bayer Inc., Toronto, Canada)
given as an intramuscular bolus away from the heated
region. The animals were then intubated and anesthesia was
maintained with 2%–3% isoflurane inhalation. The marginal
ear vein was catheterized to allow the injection of liposomal
doxorubicin, microbubbles, and gadolinium-based MRI con-
trast agent. To facilitate acoustic coupling, the hair from the
thighs was removed with an electric shaver and depilatory
lotion (Nair; Church and Dwight Co., Princeton, NJ). To min-
imize the risk of hot spots created at skin–air interfaces in
the far-field [39], a degassed saline bag was placed between
the rabbit’s legs and coupled to the skin with ultrasound gel
following hair removal.

Body (rectal) and thigh muscle temperatures away from
the focal region were recorded using fiber-optic probes
(Reflex Signal Conditioner; Neoptix, Qu�ebec City, Canada)
and averaged to provide a baseline temperature for MR
thermometry. The rabbits were placed on their side on a
water blanket through which temperature-controlled water
was circulated to maintain the core body temperature of the
animal. A second pump sent heated water through a heating
coil below the targeted thigh to help maintain temperature
uniformity within the imaging plane. The thigh was coupled
to the degassed water bath of the positioning system with
ultrasound gel atop an acoustically transparent 25mm thick
polyimide membrane (Kapton; DuPont, Wilmington, DE).
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MRI-guided FUS hyperthermia

FUS system
Temperature elevation in rabbit thigh muscle was achieved
using continuous wave sonication with an in-house con-
structed spherically curved air-backed transducer (resonant
frequency, f0, 1.169MHz, 60mm radius of curvature, 75mm
aperture, 20mm diameter central fenestration for hydro-
phone insertion) equipped with a mode 4 sector-vortex lens
designed to heat large volumes [40–42] made from 3D-
printed stereolithography material (2190m/s speed of sound
measured with pulse-echo technique in water, ClearVue; 3D
Systems, Valencia, CA). The total acoustic power with the
lens was 40% of the applied electrical power (forward minus
reflected) when measured with a radiation force technique
using a laboratory balance (AE200; Mettler Instruments,
Hightown, NJ) as the force detector [43]. The half-intensity
diameter of the annular focal region produced by the trans-
ducer and lens was found to be 5mm from the relative pres-
sure amplitude distribution squared in water measured with
a fiber-optic hydrophone (10 mm active element, Precision
Acoustics, Dorchester, UK).

The transducer was mounted within an MRI-compatible
preclinical FUS system (LP-100; FUS Instruments, Toronto,
Canada) with a three-axis motorized stage to allow precise
anatomical targeting of the focal region [44] (Figure 1). The
transducer was driven with an arbitrary waveform generator
(33220A; Agilent, Santa Clara, CA) and radiofrequency ampli-
fier (NP2519; NP Technologies, Newbury Park, CA). The for-
ward and reflected electrical power to the transducer was
monitored with a power meter (E4419B; Agilent, Santa Clara,
CA) and a dual-directional coupler (C2625; Werlatone,
Brewster, NY). An impedance matching circuit was con-
structed using passive components to minimize the reflec-
tions along the transmission line.

Real-time MRI thermometry
Experiments were performed with the LP-100 system placed
in a clinical MRI suite (MR750 Discovery 3T; GE Healthcare,
Milwaukee, WI). A single-loop receive-only coil with a square
opening of 11 cm was placed underneath the animal above

the polyimide membrane to improve the signal-to-noise ratio
in the heated region. To protect the coil from water damage,
it was sealed with epoxy in a 3D-printed case. Before heat-
ing, anatomical images were acquired with T1, T2, and T2�-
weighting (Table 1) for target definition and verification of
acoustic coupling as illustrated in Figure 2.

During sonication, temperature maps were obtained in a
3mm thick slice in the axial plane of the transducer using the
proton resonance frequency (PRF) shift method [15]. A fast-
spoiled gradient-echo sequence was used for thermometry
(5 s temporal resolution) and both the real and imaginary
parts of the MR image data were used to process the tem-
perature maps as in Ref. [45]. Two thermometry images were
acquired prior to the start of sonication with the second
image used as the baseline for calculating the complex phase
subtraction in the subsequent images. Ultrasound exposure
began simultaneously with the third phase in the MR therm-
ometry sequence and following sonication, T2�-weighting, T2-
weighting, and contrast-enhanced T1-weighted images
(0.2mmol/kg gadobutrol, Gadovist; Bayer Inc., Mississauga,
Canada) were acquired to evaluate tissue and perfusion
changes related to tissue damage and drug release. Although
non-thermosensitive liposomal doxorubicin was used in this
work, previous literature has shown that mild hyperthermia
temperatures can release some of the drug payload from sta-
ble liposomal doxorubicin, albeit at much lower levels than
their thermosensitive counterparts [46].

To correct for magnetic field drift during the hyperthermia
treatment, three heavy mineral oil phantoms were placed
within the imaging field-of-view. The change in phase meas-
ured in these regions was fit to a linear plane in 2D [47] and
subtracted from the change in phase across the entire image
in the following way:

Dudrift x; y; tð Þ ¼ a0 þ a1 � x þ a2 � y (1)

where the coefficients were solved for using a weighted least
squares regression with image magnitude weighting that mini-
mized the phase change in the oil phantoms. Temperature
maps were then reconstructed in the following way:

T x; y; tð Þ ¼ Du x; y; tð Þ�Dudrift x; y; tð Þ� �
a � TE � c � B0 þ Tbaseline (2)
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Figure 1. Experimental setup used for MRgFUS hyperthermia. Missing from the schematic are the heavy mineral oil phantoms used for magnetic field drift correc-
tion and the degassed saline bag placed between the animals legs.
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Where a is the temperature dependence of the PRF shift
in rabbit skeletal muscle, –0.00909 ppm/�C [48], c/2p is the
gyromagnetic ratio of protons, 42.58MHz/T, TE is the echo
time in seconds, and B0 is the flux density of the main mag-
netic field.

Temperature-based PID feedback control
The mean temperature in a 7mm circular ROI was used for
proportional, integral and derivative (PID) feedback control
of the applied power to the transducer during the experi-
ment. The applied power was updated with each received

image in the following way:

Piþ1 ¼ Pi þ DPi � Pmax (3)

DPi ¼ KP � e ið Þ þ KI �
Xi

j¼0
e jð Þ þ KD � ei�ei�1ð Þ (4)

where e(i) is the difference between the measured tempera-
ture and the ideal temperature response, KP is the propor-
tional gain, KI is the integral gain, and KD is the derivative
gain which were empirically determined to be 800, 1, and
75mW/�C, respectively. The starting acoustic power level was
5.5W and the maximum power level, Pmax, was 10W acoustic.
At Pmax, the in situ spatial-peak temporal average intensity
(ISPTA) was 28.7W/cm2 and the in situ peak pressure amplitude
was 975 kPa. These values account for propagation through
2mm of skin (17Np/m) and 10mm of muscle tissue
(4.7Np/m) whose attenuation was based on the frequency-
dependent tissue parameters reported in Refs. [49,50] for a fre-
quency of 1.169MHz. To reduce the initial accumulation of
error during heating, the ideal temperature response was pre-
scribed as an exponential ramp instead of a step function [51]:

Tideal tð Þ ¼ Tgoal�Tbaselineð Þ � e�5t=s þ Tbaseline (5)

Where Tgoal was 42�C and the time constant s was chosen
to be 5min. The root mean square error (RMSE) of the mean
temperature in the ROI used for real-time feedback control
was calculated according to:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼0 Tideal ið Þ�Tmean ið Þð Þ2
N

s
(6)

Thermal dose in the target region was calculated in
cumulative equivalent minutes at 43�C (CEM43) using the
Sapareto–Dewey time–temperature equation [52].

Change in applied power following the injection
of microbubbles

To quantify the change in acoustic power following the
injection of microbubbles (or saline), the mean acoustic
power in a 4-min time window before and after the start of
the injection (buffered by 60 s both before and after) was
compared. The percent change in acoustic power was calcu-
lated in the following way:

DP% ¼ Pafter�Pbefore
Pbefore

� 100 (7)

This analysis was performed for all four treatment groups.

Table 1. MR imaging parameters.

Parameter T1-weighted sequence† T2-weighted sequence T2�-weighted sequence Thermometry sequence

Sequence type Fast spin echo Fast spin echo Fast spoiled gradient echo Fast spoiled gradient echo
Echo time (ms) 14.25 51 13.6 20
Repetition time (ms) 500 3000 100 39
Echo train length 4 4 … …
Bandwidth (kHz) 6.9 6.9 31.25 15.63
No. of averages 2 2 2 1
Field-of-view (cm) 18 x 18 18 x 18 18 x 18 18 x 18
Matrix 128 x 128 128 x 128 256 x 160 128 x 128
Slice thickness (mm) 2 2 2 3
†Enhanced with gadobutrol at a dose of 0.2mmol/kg.

(B)

(A)

Figure 2. Anatomical MRI images of the experimental setup used to verify
acoustic coupling and select the target anatomy. (A) T2�-weighted image of
healthy rabbit thigh muscle with heavy mineral oil phantoms placed around
the animal and a degassed saline bag placed between the animals legs. Flow
artefacts from the water in the heating coil are visible along the phase-encod-
ing direction and therefore the warm water pump was turned off for the dur-
ation of the hyperthermia treatments. (B) Gadolinium-enhanced fat-saturated
T2�-weighted image of rabbit thigh muscle with bilateral Vx2 tumors
(white arrows).
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Acoustic cavitation during hyperthermia

Cavitation signals were monitored passively with a circular
4.8mm diameter wideband polyvinylidene fluoride (PVDF)
hydrophone [53] mounted within the center of the trans-
ducer. During some experiments (4/39), the PVDF hydro-
phone had a damaged connection in the pre-amplifier circuit
and was exchanged with a piezo-ceramic receiver (PZT-4,
3mm square aperture, 580 kHz resonant frequency,� 0.5 f0).
The hydrophone signal was sent through an anti-aliasing
5MHz low-pass filter (BLP-5þ; Mini-Circuits, Brooklyn, NY)
before being captured by a 14-bit personal computer scope
card (ATS460; AlazarTech, Pointe-Claire, Canada).

Cavitation data were acquired in 10ms intervals, sampled
at 20MHz, and separated by 312ms (8� the repetition time,
TR ¼39ms), gated by the MRI scanner during MR thermom-
etry for the duration of the sonication. Power spectra, PSD(f),
were calculated from the Fast Fourier Transform (FFT) of
each 10ms acquisition. The relative signal strength in dB dur-
ing each acquisition was calculated in the following way:

Signal ¼ 10 � log10
PSD fð Þ
PSDBL fð Þ

 !
(8)

Where PSDBL(f) is the baseline power spectra that takes
into account noise from the MR scanner by averaging the
frequency-dependent FFT data during the acquisition of the
first two MRI thermometry images before the start
of sonication.

The time dependence of signals in different frequency
bands within the above spectra was achieved by integrating
the power within a 300Hz bandwidth centered about the
subharmonic, fundamental, 1.5 and 2.5 ultraharmonics,
second to sixth harmonics and an inertial cavitation band
(1.90MHz, �13/8 f0) that was outside the other fre-
quency ranges.

Finally, to provide an indication of the change in signals
within the above frequency bands associated with microbub-
bles, the average power was estimated in a 5-min window
following microbubble injection and expressed as a change
relative to the level in a 1-min window prior to injection. The
percent change in the peak pressure was also reported and
was calculated in a manner which follows Equation (7).
Inertial cavitation was deemed to have occurred if the inte-
grated signal within the inertial cavitation band was elevated
to 15 dB above baseline during sonication.

Tissue doxorubicin quantification by fluorometry

Approximately 24 h after drug injection doxorubicin remain-
ing in the systemic circulation was eliminated by cardiac per-
fusion with saline under deep anesthesia. For evaluation of
tissue drug concentrations, samples of tumor and adjacent
muscle were harvested from both the heated and unheated
thighs, immediately frozen in liquid nitrogen and stored at
–80�C. Samples were also acquired from the skin adjacent to
the heated region along the ultrasound beam path, in a simi-
lar location away from the ultrasound beam on the

contralateral thigh as well as from the heart, lung, liver, kid-
ney, and spleen.

Tissue doxorubicin concentrations were measured by the
fluorescence intensity of doxorubicin extracted from homo-
genized tissue samples as described previously [54–56].
Tissue samples were diced, weighed to �75mg, and added
to 13.3 volumes of acidified ethanol extraction solvent (0.3 N
HCl in 50% ethanol) before homogenization with 500 mL
each of 1mm and 2mm zirconia beads in a bead mill hom-
ogenizer (Mini-BeadBeater 16; BioSpec Products Inc.,
Bartlesville, OK). Tissue homogenates added to 13.3 volumes
of acidified ethanol were refrigerated overnight prior to cen-
trifugation (16000 g, 30min) and subsequent storage of
supernatants in the dark at –20�C. Fluorescence intensity of
doxorubicin was measured in 0.5mL aliquots of supernatant
added to 1.5mL of acidified ethanol in 3mL fluorometry cuv-
ettes using a benchtop fluorometer (VersaFluor; Bio-Rad
Laboratories, Hercules, CA) with 480 nm excitation and
590 nm emission filters. Relative fluorescence intensities were
scaled to doxorubicin concentrations using a fluorescence
calibration curve of serial dilution of free doxorubicin added
to 0.5mL blank tissue supernatants in 1.5mL of acidified
ethanol. The lower limit of detection was found to be 2.5 ng/
mL of doxorubicin as determined from 3� the noise floor of
the fluorescence detector when a doxorubicin-naïve muscle
tissue sample was measured.

Statistical analysis

To compare the changes in applied power following the
injection of microbubbles or saline, a one-way analysis of
variance (ANOVA) with Bonferroni post-hoc tests for multiple
comparisons was performed. To compare the change in pres-
sure as well as the change in cavitation within a specific fre-
quency bands before and after the injection of microbubbles
or saline, a paired t-test was performed. To compare the
doxorubicin concentration in heated and unheated Vx2
tumors and muscle tissue, paired and unpaired t-tests were
performed. Measured data are reported as mean± standard
deviation (SD) in all cases. All p values were two-sided, a
value of p< .05 was considered statistically significant and all
statistical analyses were performed in Matlab (2016b; The
Mathworks, Natick, MA).

Results

MRI-guided FUS hyperthermia

The temperature uncertainty of the MR temperature meas-
urements used to control the thermal exposures was found
to be 0.5�C ± 0.2�C, inversely proportional to the signal-to-
noise ratio in the thermometry imaging sequence [45,57,58].
The RMSE across all hyperthermia exposures was found to
be 0.3�C±0.1�C which is less than the uncertainty of the
temperature measurements, indicating successful tempera-
ture control. Figure 3 illustrates the heating paradigm for
exposures with and without microbubbles. In both cases,
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a smooth temperature response was observed for the dur-
ation of the sonication.

The spatial distribution of heating during MRgFUS hyper-
thermia is shown in Figure 4 and sonications with microbub-
bles did not results in preferential heating within the near
field. The 7mm circular ROI used for feedback control and
subsequent temperature analysis is shown in Figure 4(C). A
summary of the MR thermometry measurements made in all
39 rabbits in this study are summarized in Table 2. The mean
temperature achieved in the target region 42.0�C with 10th
and 90th percentile temperatures of 43.2�C and 40.7�C and a

median thermal dose in the target region of 12.2 CEM43. In
2/62 sonications, the ultrasound exposure was turned off pre-
maturely due to sudden animal motion but the data were
retained because in both cases motion occurred after more
than 15 of the 20min of prescribed hyperthermia to 42�C.

Applied power reduction following the injection of
microbubbles

Rabbits receiving microbubbles during hyperthermia saw a
significant reduction in the applied power required to

(B)

(C)

(A)

Figure 4. Spatial temperature distribution during hyperthermia. (A) Magnitude image prior to sonication showing rabbit thigh anatomy with an implanted Vx2
tumor (white arrow) and the regions of B0 drift correction regions indicated with the dashed cyan regions. (B) Temperature response during MRgFUS hyperthermia
with microbubbles injected at 10min into the heating paradigm. (C) Temperature maps in color overlaid upon the magnitude anatomical image in grey (white
inset from (A)) at representative time points during heating indicated by the numbers in (B). The 7mm circular ROI used for feedback control is shown in purple.
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Figure 3. The experimental heating paradigm. (A) Hyperthermia curves measured from a 7mm circular ROI centered on the acoustic focus of the transducer in a
rabbit Vx2 receiving Caelyx and saline without microbubbles. (B) Hyperthermia curves measured in a rabbit Vx2 receiving Caelyx and microbubbles. Mean tempera-
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maintain the temperature elevation, illustrated in Figure 5(A,B).
In healthy muscle, the power reduction observed
following the administration of microbubbles was signifi-
cantly lower than what was observed in the case of saline
administration without microbubbles (–21.9%± 12.5% vs
–5.9%± 7.8%, p¼ .009).

This was also the case for rabbits bearing Vx2 tumors,
when microbubbles were administered the applied power
dropped significantly compared to not only cases in Vx2
without microbubbles (–33.8%± 9.9% vs –3.0%±7.2%,
p< .001) but also compared to exposures in healthy muscle
tissue with microbubbles (–33.8%± 9.9% vs –21.9%±12.5%,
p¼ .007). A comparison of the power drop across treatment
groups is shown in Figure 5(C).

Cavitation during MRgFUS hyperthermia

Cavitation associated with microbubble oscillation is indi-
cated by increased harmonic signals (n � f0, n¼ 1, 2, 3 … )
and the presence of subharmonic (0.5 f0) and ultraharmonic
(1.5 f0, 2.5 f0, 3.5 f0 … ) signals (Figure 6(A,C)). These cavita-
tion phenomena were observed in 3/10 sonications in
healthy rabbit thigh muscle that received microbubbles and
in 30/35 sonications in rabbit Vx2 tumors that received
microbubbles. Without microbubbles, these effects were
not observed.

Inertial cavitation which results from violent microbubble
collapse is characterized by broadband cavitation signals.
This type of cavitation was observed in 4/35 sonications in

Table 2. Summary of MRgFUS hyperthermia exposures.

Rabbit mass (kg) Baseline (�C) Tmean (�C) T90 (�C) T10 (�C) RMSE (�C)
Thermal dose

(CEM43)

Healthy muscle; Definity (20 mL/kg) in 5mL of saline (n¼ 10 sonications in 10 rabbits)
3.1 ± 0.3 35.1 ± 1.3 42.0 ± 0.0 40.3 ± 0.8 43.5 ± 0.6 0.32 ± 0.13 14.8 ± 2.9

Healthy muscle; 5mL of saline (n¼ 7 sonications in seven rabbits)
3.1 ± 0.5 33.3 ± 2.3 42.0 ± 0.0 40.8 ± 0.3 43.2 ± 0.4 0.31 ± 0.11 12.7 ± 2.9

Vx2 tumor; Definity (20 mL/kg) in 5mL of saline (n¼ 35 sonications in 17 rabbits)
3.1 ± 0.3 34.0 ± 1.5 42.0 ± 0.0 40.7 ± 0.3 43.2 ± 0.3 0.29 ± 0.11 11.7 ± 2.4

Vx2 tumor; 5mL of saline (n¼ 10 sonications in five rabbits)
3.0 ± 0.2 33.9 ± 0.5 42.0 ± 0.0 40.8 ± 0.3 43.1 ± 0.3 0.26 ± 0.10 10.8 ± 2.0

Mean ± SD across all rabbits in the study (n¼ 62 sonications in 39 rabbits)
3.1 ± 0.3 34.0 ± 1.6 42.0 ± 0.0 40.7 ± 0.5 43.2 ± 0.4 0.29 ± 0.12 12.2 ± 2.8

T90, temperature exceeded by 90% of points within the target region; T10, temperature exceeded by 10% of points within the target region.

0 5 10 15 20 25 30
Time, min

0

2

4

6

8

10

A
co

us
tic

 P
ow

er
, 

W

Pbefore Pafter

Microbubbles in Vx2

Microbubble
injection

(A)

0 5 10 15 20 25 30
Time, min

0

2

4

6

8

10

A
co

us
tic

 P
ow

er
, 

W

Pbefore Pafter

Saline in Vx2

Saline
injection

(B)

Microbubbles
in Vx2

Saline
in Vx2

Microbubbles
in muscle

Saline
in muscle

(C)

-50

-40

-30

-20

-10

0

C
ha

ng
e 

in
 P

ow
er

, 
Δ
P %

-60 **
***

***
**

Figure 5. Change in applied power following the injection of microbubbles or saline. (A) Applied power summary in a rabbit Vx2 tumor with microbubble adminis-
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rabbit Vx2 tumors (Figure 6(B,D)) that received microbubbles
and was not observed in healthy muscle with microbubbles
or any of the sonications without microbubbles.

Representative time-dependent power levels within differ-
ent frequency bands are shown in Figure 7 during sonication
in a Vx2 tumor. Pronounced signal enhancements were
observed in the subharmonic, ultraharmonic, and fourth to
sixth harmonic frequency bands which is summarized in
Table 3. In the third harmonic frequency band, the average
power was significantly reduced.

Localized doxorubicin delivery to Vx2 tumors and
heated tissue

Figure 8 and Table 4 summarize the drug concentrations in
tissue homogenates. For the case of healthy thigh muscle,
rabbits receiving microbubbles had higher levels of doxo-
rubicin present in heated muscle tissue on average com-
pared to rabbits receiving saline without microbubbles
(0.5 ± 0.5 vs 0.20 ± 0.04 ng/mg, respectively, p¼ .05). The
doxorubicin concentration in microbubble-assisted heated
muscle tissue approached a statistically significant elevation
relative to unheated muscle tissue in the same animal
(0.5 ± 0.5 vs 0.17 ± 0.06 ng/mg, respectively, p¼ .07). Heated
muscle in the absence of microbubbles had similar doxorubi-
cin levels to unheated muscle tissue in the same animal
(0.20 ± 0.04 vs 0.15 ± 0.02 ng/mg, respectively, p¼ .6).

Rabbits receiving microbubbles during sonication had
similar levels of doxorubicin present in tumor tissue on aver-
age compared to rabbits receiving saline without microbub-
bles (11 ± 3 vs 16 ± 4 ng/mg, respectively, p¼ .13). The mean
doxorubicin concentration in heated tumors was also similar

to that in unheated tumors, either with microbubbles (11 ± 3
vs 11 ± 3 ng/mg, p¼ .8) or without microbubbles (16 ± 4 vs
14 ± 6 ng/mg, p¼ .7).

Delivery to heated skin was significantly higher than
unheated skin in rabbits receiving saline without microbub-
bles (7.3 ± 5 vs 3.3 ± 2 ng/mg, p¼ .005). With microbubbles,
doxorubicin delivery to the skin was not elevated signifi-
cantly (4.3 ± 3 vs 3.9 ± 3 ng/mg, p¼ .7).

Discussion

It has been previously shown that tissue can be ablated with
ultrasound at lower powers when cavitation is induced,
either in the presence [29,59,60] or absence [61,62] of sys-
temically circulating microbubbles. The results reported here
provide a first demonstration of the ability of microbubbles
to reduce the applied power required to maintain the tem-
perature elevation during MRgFUS hyperthermia. An issue
reported with microbubble mediated ablation was that off-
target heating occurred within the pre-focal region [29]. This
pattern was not evident in the present study (Figure 4),
which may be due to the reduced power levels employed
with hyperthermia compared to ablation. The degree of
power drop was more pronounced in tumors compared to
muscle, which is hypothesized to be due to the higher levels
of blood volume and flow within tumors relative to resting
muscle tissue which would increase the local microbubble
concentration. Collectively, these findings have important
implications for the hyperthermia treatments of tumors situ-
ated in anatomic locations where power deposition presents
challenges due to overlying bone or the proximity of
large vessels.
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The cavitation data show that elevated signals were pre-
sent in the subharmonic and ultraharmonic bandwidths fol-
lowing microbubble injection, and that these were sustained
during infusion. This is consistent with the presence of pro-
nounced microbubble oscillations, as would be expected
when thermally significant cavitation is occurring. The pres-
ence of subharmonic and ultraharmonic cavitation several
minutes after the end of the microbubble infusion suggests

that persistent cavitation nuclei remain within the focus of
the transducer which will contribute to cavitation based
heating. Following a bolus injection of Definity, the nonlinear
backscattered signal which provides vascular contrast from
ultrasound imaging pulses remains present for only a few
minutes [63]. It remains an open question, however, as to
how long after microbubble administration therapeutic ultra-
sound exposures can achieve cavitation and other

Table 3. Quantification of cavitation data before and after the injection of microbubbles or saline without microbubbles.

Quantity of interest
Hyperthermiaþ Caelyxþ

microbubbles p value
Hyperthermiaþ Caelyxþ

saline p value

Pressure-related changes
Onset pressure (kPa) 557 ± 60 – 550 ± 32 –
Change in pressure –23 ± 6% ���3� 10–12 –2.4 ± 3.8% 0.09
Cavitation spectra
Fundamental, f0 –0.9 ± 3 dB 0.2 þ0.2 ± 0.8 dB 0.2
2nd Harmonic, 2 f0 þ1.2 ± 4 dB 0.2 –0.3 ± 1.8 dB 0.9
3rd Harmonic, 3 f0 –1.6 ± 4 dB ���6� 10–4 þ0.4 ± 2.3 dB 0.9
4th Harmonic, 4 f0 þ8.5 ± 4 dB ���3� 10–5 þ0.6 ± 1.8 dB 0.8
5th Harmonic, 5 f0 þ4.4 ± 3 dB ���3� 10–4 þ0.7 ± 2.2 dB 0.3
6th Harmonic, 6 f0 þ7.6 ± 5 dB ��0.001 þ0.3 ± 1.3 dB 0.7
Subharmonic, 0.5 f0 þ12 ± 10 dB �0.03 þ0.2 ± 0.6 dB 0.3
1st Ultraharmonic, 1.5 f0 þ16 ± 10 dB �0.02 þ0.03 ± 0.60 dB 0.4
2nd Ultraharmonic, 2.5 f0 þ17 ± 8 dB �0.02 þ0.05 ± 0.35 dB 0.6
Observations
Inertial cavitation 4/35 – 0/10 –

Mean cavitation signals within specified bandwidths before and after the injection of microbubbles or saline alone without micro-
bubbles were compared with a paired t-test, p values are two-sided and values less than .05 were considered statistically
significant.�p< .05, ��p< .01, ���p< .001.
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microbubble bioeffects [64]. In contrast to imaging expo-
sures, therapeutic ultrasound typically consists of longer
pulse durations and higher peak pressures. Therefore, one
should not expect similar microbubble behavior in both
cases. Cavitation monitoring is critical for discerning the dur-
ation of microbubble bioeffects, both in stable and inertial
cavitation regimes and this is true for time periods well past
the documented half-life of microbubbles in circulation. The
overwhelming majority of microbubble half-lives have been
characterized through imaging as opposed to therapeutic
ultrasound metrics.

Inertial cavitation was only detected in a subset of cases
in the present work, suggesting that it may not be a promin-
ent contributor to sustained cavitation based heating under
the particular exposure levels employed. Fundamental and
second harmonic signals were present at baseline and were
not found to be significantly elevated during infusion.
Interestingly, the fourth to sixth harmonic signals, present at
baseline due to nonlinear propagation, did increase signifi-
cantly. The cause of this remains to be established, but it is
possible that it is linked to the frequency-dependent scatter-
ing response of Definity. It should also be noted that the
received signals are influenced by the superposition of the
receive transducer beam, which is unfocused, and the distri-
bution of cavitation within the transmit beam. The spatial
mapping of cavitation within the beam, as well as on shorter
timescales, warrants investigation.

The impact of microbubbles on the uptake of Caelyx into
tissue was also assessed. Caelyx is a clinically employed lipo-
somal formulation of doxorubicin, which is designed to pref-
erentially accumulate in tumors through the EPR effect [65].
In healthy muscle, the microbubble-assisted heating group
showed significant (p¼ .05) elevations of drug relative to the
non-microbubble heating group. Such an elevation is consist-
ent with the ability of microbubbles to promote the extrava-
sation of drugs through permeability increases and
mechanical streaming effects [36]. The level of drug accumu-
lation in both heated and unheated tumors was significantly
higher than in healthy muscle. This is consistent with tumor
tissue having more leaky vasculature relative to muscle tis-
sue. A corresponding elevation in tumors for the microbub-
ble versus saline (control) heating groups was not observed.
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Figure 8. Summary of doxorubicin delivery to heated and unheated tissues. (A) Delivery directly to heated and unheated muscle tissues without Vx2 inoculation.
(B) Delivery to heated and unheated Vx2 tumors and the adjacent muscle surrounding the tumors in both cases. (C) Doxorubicin distribution following 24 h circula-
tion of Caelyx (2.5mg/kg doxorubicin) in different organ tissues. Comparisons were made with a two-sided paired t-test between heated and unheated tissues,�p< .05, ��p< .01.

Table 4. Analysis of doxorubicin concentration in rabbit tissues 24 h post
injection of Caelyx at a dose of 2.5mg/kg of doxorubicin.

Organ

Hyperthermiaþ Caelyxþ
microbubbles

Hyperthermiaþ
Caelyxþ saline

Doxorubicin,
ng/mg tissue

Doxorubicin,
ng/mg tissue

Data from rabbits without Vx2 tumors
Heated muscle 0.5 ± 0.5 0.20 ± 0.04
Unheated muscle 0.17 ± 0.06 0.15 ± 0.02
Data from rabbits with bilateral Vx2 tumors
Heated Vx2 11 ± 3 16 ± 4
Adjacent heated muscle 1.3 ± 0.2 1.3 ± 0.5
Unheated Vx2 11 ± 3 14 ± 6
Adjacent unheated muscle 0.5 ± 0.3 0.9 ± 0.5
Data from surrounding organs
Skin adjacent 4.3 ± 3 7.3 ± 5
Skin away 3.9 ± 3 3.3 ± 2
Heart 1.6 ± 1 1.8 ± 1
Lung 5.4 ± 5 4.1 ± 2
Liver 7.6 ± 2 7.0 ± 2
Kidney 6.5 ± 2 6.9 ± 4
Spleen 36 ± 13 34 ± 9
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The reason for this remains to be established. One explan-
ation may be that the microbubbles are not eliciting a sig-
nificant increase in extravasation under the exposure
conditions that were employed. A second may be that a
degree of vascular damage may have been occurring that
offset increases in permeability.

Vascular damage was not assessed in this study, but has
been previously shown to occur within tumors due to micro-
bubbles [66,67], albeit under conditions that were associated
with high levels of inertial cavitation which were only
observed in a subset of cases in the present study. Vascular
damage with associated reduction in blood perfusion would
result in reduced heat transfer by blood thus further contri-
buting to the decrease in the required power. It is also not-
able that heated (with or without microbubbles) tumors did
not show significantly enhanced drug uptake relative to
unheated tumors. This is in apparent contrast to a previous
study employing 41�C hyperthermia with a liposomal formu-
lation similar to Caelyx, where a modest yet significantly
enhanced accumulation was observed in heated versus
unheated Vx2 tumors. A contributing factor to the differen-
ces in results may be that our tumors were harvested at the
24 h point compared to the 4 h point employed in [19]. In
addition, the tumor sizes employed in the present study
were relatively small compared to these previous studies
which may have resulted in different sensitivities to hyper-
thermia promoting drug uptake.

The observation that the skin overlying the sonicated tis-
sue showed enhanced drug concentration when compared
with unsonicated skin. This was likely the result of insuffi-
cient washing of the depilatory lotion from the skin on the
treated side which led to irritation and skin reddening even
away from the path of ultrasound propagation in some
cases. It is important to note that skin tissue which did not
receive depilatory lotion was not sampled in this study.

It is also important to note that the benchtop fluorometry
method used to quantify the drug delivery in this work is an
antiquated technique and makes several simplifying assump-
tions, including that the homogenization method extracts
100% of doxorubicin bound in tissue. Correlating the fluores-
cence of doxorubicin directly to its concentration is con-
founded by the fact that doxorubicin’s fluorescent properties
can change as a function of its environment [68]. It has been
shown, for example, that doxorubicin fluorescence is highly
quenched when interacting with DNA while its fluorescent
intensity is amplified when interacting with histones [69,70].
Future work will entail using a high-performance liquid chro-
matography technique with daunorubicin as an internal
standard which is a much more accurate analytical technique
for measuring doxorubicin concentration in tissue.

Clinically, mild MRgFUS hyperthermia treatment durations
can last for 30min to as long as several hours to increase
vessel permeability, induce expression of heat shock proteins
as well as to induce other biological effects on both the tis-
sue and cellular levels. Due to the short circulation time of
microbubbles in the bloodstream, it remains an open ques-
tion how to administer the microbubbles to maximize their
therapeutic effect in the clinical context. We envision that

the total dose of microbubbles can be fractionated into sev-
eral low-dose bolus injections or slowly infused over a longer
duration to be able to impact a larger fraction of the clinical
hyperthermia treatment. Further investigation to this end
is warranted.

In this work, we have also employed a relatively simple
approach which was to use a single focal zone with continu-
ous wave insonation and employ only temperature feedback
to determine the applied power level. With this method, it
was established that microbubbles reduced the acquired
power levels to achieve hyperthermia. The approach did not
however take into account pressure dependent bioeffects
related to either drug delivery or drug potentiation, or the
possibility that microbubbles were being disrupted within
the focal zone. The investigation of more sophisticated
exposure schemes and feedback control systems that take
these effects into consideration is warranted, in particular
through the combined use of temperature and cavitation
signals [71]. For example, this could entail intermittent
pauses in exposures to permit reperfusion, and the use of
different exposure amplitudes that are designed to both
achieve heating and microbubble-related bioeffects. In this
regard, it is also of interest to carry out longitudinal experi-
ments that capture possible interacting bioeffects of hyper-
thermia, chemotherapy, and microbubbles.

It has long been recognized that hyperthermia can pro-
mote the antitumor effects of chemotherapeutic agents and,
separate from this, microbubble-induced vascular damage
has been shown to enhance the effects of chemotherapeutic
agents [38,67]. In addition to conventional chemotherapeutic
agents such as Caelyx, the use of this approach with drug
formulations that release their payload at mild hyperthermia
temperatures such as ThermoDoxVR should be examined, in
part, due to the many pre-clinical successes using such for-
mulations [72–74]. Furthermore, the investigation of micro-
bubble-assisted hyperthermia in combination with
radiotherapy is also warranted as both hyperthermia [75,76]
and ultrasound stimulated microbubbles [77] have been
shown to enhance the effects of radiotherapy.

Conclusions

This study has demonstrated the potential of using micro-
bubbles during mild MRgFUS hyperthermia to reduce the
applied power requirements which has considerable clinical
implications for treating tumors. The elevated levels of drug
found in muscle but not in tumor tissue suggest a complex
interplay between the heating effects of microbubbles with
those of enhanced permeabilization and possible vascular
damage. This requires further investigation, which will entail
more sophisticated control approaches that integrate tem-
perature and cavitation feedback, as well as assessing their
collective antitumor effects.
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