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Abstract—Tumor responses tohigh-dose (.8Gy) radiation therapy are tightly connected to endothelial cell death. In
the study described here, we investigated whether ultrasound-activated microbubbles can locally enhance tumor
response to radiation treatments of 2 and 8Gy bymechanically perturbing the endothelial lining of tumors.We eval-
uated vascular changes resulting from combined microbubble and radiation treatments using high-frequency 3-D
power Doppler ultrasound in a breast cancer xenograft model. We compared treatment effects and monitored vas-
culature damage 3 hours, 24 hours and 7 days after treatment delivery. Mice treated with 2 Gy radiation and
ultrasound-activatedmicrobubbles exhibited a decrease in vascular index to 48 ± 10% at 24 hours, whereas vascular
indices ofmice treatedwith 2Gyradiation alone ormicrobubbles alonewere relatively unchanged at 95± 14%and78
± 14%, respectively. These results suggest that ultrasound-activated microbubbles enhance the effects of 2 Gy radi-
ation through a synergistic mechanism, resulting in alterations of tumor blood flow. This novel therapy may poten-
tiate lower radiation doses to preferentially target endothelial cells, thus reducing effects on neighboring normal
tissue and increasing the efficacyof cancer treatments. (E-mail:Gregory.Czarnota@sunnybrook.ca) CrownCopy-
right � 2013 Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Radiation therapy is an important and widely used cancer
treatment. It has been shown to act, on the molecular
level, by inducing biochemical lesions in the DNA of
cancer cells, leading to tumor cell death (Lehnert
2007). Recent articles have reported that radiation can
also act by directly damaging tumor vasculature, leading
to secondary tumor cell death (El Kaffas et al. 2012;
Folkman and Camphausen 2001; Fuks and Kolesnick
2005; Garcia-Barros et al. 2003; Paris et al. 2001). These
observations were made after single large doses of radia-
tion (.8 Gy) were delivered to the tumor, leading to
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rapid endothelial cell apoptosis through an acid
sphingomyelinase-dependent pathway. Taken together,
these findings suggest that endothelial cells may be
important regulators of tumor response to therapy. Agents
capable of enhancing the response of tumor endothelial
cells would potentially improve tumor responses to radi-
ation therapy, while lowering the total dose of ionizing
radiation needed for tumor cure.

We describe here a novel approach to mechanical
perturbation of the endothelial lining of tumor vascula-
ture using ultrasound-activated microbubbles. The aim
of this study was to enhance direct endothelial cell
apoptosis and secondary overall tumor response to radia-
tion. Microbubbles are micron-sized spheres of gas,
usually a perfluorocarbon, stabilized within a thin shell
of biocompatible material, such as a protein or lipid.
They are administered through peripheral venous injec-
tion and can pass through the systemic circulation. These
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microbubbles are already used extensively as contrast
agents for ultrasound (Wilson and Burns 2006). When
activated with specific ultrasound frequencies, microbub-
bles exhibit resonant behaviors, oscillate non-linearly and
eventually rupture when sufficient ultrasound energy is
applied (Qin and Ferrara 2007). These properties make
microbubbles suitable for a number of therapeutic uses,
including dissolution of blood clots, activation and
delivery of drugs and opening of the blood–brain barrier
(Unger et al. 2002, 2004). Ultrasound-stimulated micro-
bubbles can perturb the function of surrounding cells,
destroy local vasculature or enhance vascular perme-
ability (Hwang et al. 2005; Wu and Nyborg 2008). In
this study, we found that low-mechanical-index
ultrasound-mediated activation of microbubbles can
enhance the effects of radiation in a breast cancer xeno-
graft model.

To evaluate tumor vascular changes resulting from
combined ultrasound-stimulated microbubble and radia-
tion therapy, we used high-frequency 3-D power Doppler
ultrasound. Ultrasound Doppler imaging techniques rely
on moving red blood cells to yield flow velocity estimates
and tumor perfusion. These techniques are, however,
limited by poor resolution and are susceptible to a number
of artifacts including aliasing artifacts. Power Doppler
ultrasound is an effective and inexpensive imaging
modality for quantifying tumor vasculature and is
capable of overcoming some of the main limitations
encountered in conventional Doppler ultrasound imaging
(Foster et al. 2000; Gee et al. 2001; Goertz et al. 2002). It
works by measuring the total integrated power of all
Doppler-shifted frequencies, rather than by obtaining an
average estimate of Doppler-shifted frequencies (such
as in color Doppler). Because of this, power Doppler is
minimally angle dependent and more sensitive to low-
velocity blood flow. At high frequencies, power Doppler
is even more sensitive to slow blood flow in tumor micro-
vasculature, permitting the detection of vessels down to
approximately 50–150 mm, and has greater resolution
than conventional clinical ultrasound frequency ranges
(Goertz et al. 2002). This makes it a suitable modality
with which to assess tumor vascular responses to vascular
targeting therapies in studies involving a large number of
therapeutic conditions or permutations of combined ther-
apies. Power Doppler has been used to quantify vascula-
ture changes after treatment of pre-clinical tumors, as
evaluated extensively in the literature (Donnelly et al.
2001; El Kaffas et al. 2013; Gee et al. 2001; Kim et al.
2006; Palmowski et al. 2008; Su et al. 2006).

In this study, we used high-frequency 3-D power
Doppler ultrasound, histologic assays of cell death and
tumor growth delay measurements to demonstrate that
ultrasound-activated microbubbles can enhance the
effects of radiation in breast cancer cells in vivo. We
determined the effects on blood flow and blood vessel-
lining endothelial cells of combined ultrasound-
activated microbubbles and radiation therapy. We
measured the immediate and longitudinal in vivo vascular
responses of these therapies. The data indicates that
particularly when combined with 2 Gy doses of radiation,
ultrasound treatment has a potentiating effect.
METHODS

All experiments on animals described in this article
were conducted in compliancewith internationally recog-
nized guidelines specified in protocols approved by the
Sunnybrook Health Science Centre Institutional Animal
Care and Use Committee. Human MDA-MB-231 breast
cancer xenografts were grown in the left upper hind leg
of Swiss nude mice. Tumors were grown to approxi-
mately 8 mm in diameter before treatment, which took
around 3–4 wk. During treatment, micewere anesthetized
with an intraperitoneal injection of ketamine 100 mg/kg,
xylazine 5 mg/kg and acepromazine 1 mg/kg in 0.9%
sodium chloride (saline) titrated at 0.02 mL intervals to
a maximum dose of 0.1 mL. A total of 56 animals were
used for this study.

Definity microbubbles (perfluoropropane gas/lipo-
some shell, Lantheus Medical Imaging, North Billerica,
MA, USA) were administered through a tail vein catheter
at different volume concentrations (0, 0.5% and 3% v/v).
Animals were then immersed in a water bath at 37�C for
ultrasound exposure. The ultrasound therapy system
comprised a micro-positioning system, waveform gener-
ator (AWG520, Tektronix, Beaverton, OR, USA), power
amplifier with pulser/receiver (RPR4000, Ritec, Roches-
ter, NY, USA) and a digital acquisition system (CC103,
Agilent, Monroe, NY, USA). Animals were exposed
within the half-maximum peak of the acoustic signal
(26 dB beam width 5 31 mm, depth of field .2 cm)
16 cycle tone burst at 500 kHz center frequency using
a 2.85 cm unfocused planar ultrasound transducer
(ILO509 HP, Valpey Fisher, Hopkinton, MA, USA) and
at 3 kHz pulse repetition frequency for 50 ms at a time
with a peak negative pressure set to 570 kPa, correspond-
ing to a mechanical index (MI) of 0.8. An intermittent
1950 ms period between sonifications was employed to
minimize biological heating in the tissue during ultra-
sound exposures. The total insonification time was
750 ms over 5 min, for an overall duty cycle of 0.25%.

Immediately after ultrasound exposure, mice were
shielded using a 3-mm lead shield, and only the tumor
was exposed to ionizing radiation (Faxitron Cabinet X-
ray, Faxitron X-Ray, Lincolnshire, IL, USA) at doses of
0, 2 or 8 Gy in single fractions. X-rays were administered
at an energy of 160 kVp, a source-skin distance of 35 cm
and a dose rate of 200 cGy/min. Instrumentation was



Fig. 1. (a) Representative 3-D power Doppler images of tumors 24 h after treatment. Tumors treated with combined
ultrasound-activated microbubble (MB) and radiation treatments and higher doses of radiation had significantly less
vasculature. Power Doppler images were analyzed by determining the vascular index (VI), which is the ratio of the total
number of color voxels (flow signal) to the total number of voxels in the region of interest. Scale bar5 5 mm. (b) Tumor
samples were stained by in situ end labeling (ISEL) to identify regions of apoptotic DNA fragmentation, seen as brown
patches. There is significantly more apoptosis in treated samples than in the control. Without microbubbles, the propor-
tions of apoptosis were 5 6 4%, 15 6 2% and 14 6 3% for the control (0 Gy), 2 Gy and 8 Gy treatments, respectively.
With microbubbles, these increased to 406 15%, 606 15% and 576 10%, respectively. Scale bar5 2 mm. (c) Hema-
toxylin and eosin staining of tumor samples revealed increased cell death with higher doses of radiation combined with
ultrasound-activated microbubbles. These results support power Doppler data linking cell death with vasculature

damage. Scale bar 5 2 mm.
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calibrated for radiation dose delivery and validated using
X-ray film and solid-state dosimetry.

Mice were imaged before and after treatment with
a VEVO-770 (Visualsonics, Toronto, ON, Canada) in
power Doppler mode and a VEVO RMV transducer
with a central frequency of 20 MHz. Power Doppler
imaging settings included a wall filter of 2.5 mm/s,
a scan speed of 2.0 mm/s, a gain of 20 dB and a step
size of 0.2 mm. During imaging, mice remained anesthe-
tized and were also restrained using a custom sleeve to
prevent motion artifacts. Mice were imaged before and
3 hours (h), 24 h and 7 days (d) after treatment. Power
Doppler data were analyzed to quantify relative changes
in vasculature.

Power Doppler data were analyzed using custom-
written MATLAB (Mathworks, Natick, MA, USA) soft-
ware. Regions of interest (ROIs) were selected for each
frame of the 3-D tumor volume to include tumor tissue
only, and every frame in which the tumor was clearly
defined was used in the analysis. The vascularization
index (VI) was defined as the ratio of the volume of all
colored pixels to the volume of all selected regions of
interest. The VI was computed by dividing the number
of colored voxels by the total number of voxels for all
selected ROIs. The VI was used to represent the amount
of vasculature in the tumor. In this study, we report on
the relative VI as it changes over 3 h, 24 h and 7 d.
The relative VI was defined as (VItreatment time point/
VIpre-treatment) 3 100. Statistical analysis with the
Mann-Whitney test (two-tailed, assuming unequal vari-
ances) were performed at 24-h time points using Prism
(GraphPad Software, La Jolla, CA, USA). Each treatment
condition was compared with the control condition. The
control condition was comprised of completely untreated
tumors.

At least three mice from each treatment condition
were used to conduct a tumor growth delay study.
The length, width and height of each tumor were
measured before treatment (day 0) and every third day
over a 24 d period. Tumor volumes were approximated



Fig. 2. Anti-vascular endothelial growth factor (VEGF) antibodies (a) and anti-CD31 antibodies (b) were used to stain for
tumor endothelium. Positive staining (red-brown) indicates presence of endothelial cells, which are also indicated by the
arrows. Scale bar 5 25 mm. Results indicated less endothelium for combined treatments with higher doses of radiation.
Without microbubbles, the quantified CD31 staining was 16 3%, 0.776 0.04% and 0.56 0.2% for the control (0 Gy),
2 Gy and 8 Gy treatments respectively. With microbubbles (MB), the proportions of CD31 staining were 0.6 6 0.1%,

0.5 6 0.1% and 0.2 6 0.1%, respectively.
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as volume 5 (length 3 width 3 height 3 p)/6. Tumor
growth delay data were normalized to the initial tumor
volume, yielding a relative tumor volume.

Histology was conducted on tumor samples excised
immediately after animal sacrifice, 24 h post-treatment,
as a method of supporting conclusions made by power
Doppler data. Tumor samples were fixed overnight at
room temperature in 1% paraformaldehyde, embedded
in paraffin blocks and sectioned into 5-mm slices for
histology. Standard hematoxylin and eosin (H&E) and
in situ end labeling (ISEL) staining were conducted
(Pathology Research Program, University Health
Network, Toronto, ON, Canada). ISEL staining was
used to identify inter-nucleosomal DNA fragmentation
as evidence of apoptosis. Images were digitized, and
the amount of apoptotic cell death was quantified using
ImageJ (National Institutes of Health, Bethesda, MD,
USA).

Immunohistochemistry was performed using the
Histostain-Plus Kit (Invitrogen, Carlsbad, CA, USA), ac-
cording to the manufacturer’s instructions and as previ-
ously described (Al-Mahrouki et al. 2012). Tumor
vasculature was stained with anti-vascular endothelial
growth factor (VEGF) antibodies and anti-CD31 anti-
bodies. Both CD31 and VEGF antibodies were obtained
from Abcam (Cambridge, MA, USA). Anti-CD31 targets
platelet endothelial cell adhesion molecules (PECAM-1)
expressed on endothelial cells. The percentage of CD31-
stained vessels was determined by manually counting the
number of intact and disrupted vessels using Leica
IM1000 software with a Leica DM LB light microscope.
Percentage of CD31-stained vessels is defined as the ratio
of the number of intact luminal vessels to the total number
of vessels measured within a region of interest. The entire
cross-sectional area of one tumor slice in each animal
tumor was quantified.
RESULTS

Representative 3-D power Doppler images taken
24 h after ultrasound and radiation treatment are provided
in Figure 1a. Power Doppler images of treated tumors re-
vealed a decrease in blood flow signal compared with
controls and even greater decreases in signal with
combined treatments and larger doses of radiation. Corre-
sponding low-magnification immunohistochemistry
(Figs. 1b, c and 2) revealed both increased cell death
and increased endothelial cell kill with combined treat-
ments and the higher radiation dose, supporting a link
between damage to the vasculature and tumor cell death.

Staining with ISEL was used to quantify DNA frag-
mentation as evidence of apoptotic cell death in tumor
samples 24 h post-treatment (Fig. 3a). DNA fragmenta-
tion is visualized as patches of brown, the number and
area of which are increased in treated samples compared
to controls (Fig. 1b). Quantitatively (Fig. 3a), the propor-
tions of cell death after the control (0 Gy), 2 Gy and 8 Gy
treatments were 56 4%, 156 2% and 146 3%, respec-
tively. With ultrasound-activated microbubbles, these
proportions increased to 40 6 15%, 60 6 15% and 57
6 10%, respectively. H&E staining was used to assess
the proportion of total cell death in the tumor samples
24 h post-treatment (Fig. 1c). Areas of cell death are iden-
tified as whitened or blanched areas, which increased
with different treatments. A central region of cell death
was also observed in treated tumors compared with the



Fig. 3. Quantification of cell death and vasculature from tumor
cross sections subjected to in situ end labeling (ISEL) (a) and
CD31 staining (b). In (a), we find a slight increase in cell death
for tumors treated with radiation alone. We also find greater cell
death for all conditions in which microbubbles (MB) were used,
whether alone or in combination with radiation. In (b), we find
a �50% decrease in CD31 staining for 8 Gy alone. Microbub-
bles alone also caused a �30–40% decrease in CD31 staining.
However, combining both microbubbles and radiation yielded
the greatest decrease in CD31 staining. This suggests that mi-
crobubbles radiosensitized endothelial cells, leading to acute

endothelial cell death.

Fig. 4. Vascular index (VI) quantified from volumetric power
Doppler images. (a) VIs of tumors treated with 2 Gy radiation
and 3% microbubbles (red) decreased to 73 6 2% at 3 h, 48 6
10% at 24 h and 43 6 14% at 7 d. VIs of tumors treated with
2 Gy radiation alone (blue) remained relatively unchanged
at 94 6 14% at 3 h, 95 6 14% at 24 h and 111 6 28% at 7 d.
These results indicate a significant enhancement in tumor vascu-
lature kill caused by ultrasound-activated microbubbles. Error
bars represent standard errors. VIs of tumors treated with
0 Gy radiation and 3% microbubbles (red) initially decreased
to 77 6 25% at 3 h and 78 6 14% at 24 h, before increasing
to 198 6 17% at 7 d. VIs of untreated tumors increased to
119 6 15% at 3 h and 116 6 11% at 24 h, before increasing
to 178 6 11% at 7 d. These results indicate that microbubbles
alone are insufficient to cause tumor vasculature damage over
7 d. Because tumors treated with 2 Gy radiation alone did not
experience significant changes in vasculature, we propose that
ultrasound-activated microbubbles enhance 2 Gy radiation
treatments through a synergistic mechanism. (b) VIs of tumors
treated with 8 Gy radiation and 3% microbubbles (red)
decreased to 58 6 7% at 3 h, 33 6 1% at 24 h and 51 6 7%
at 7 d. VIs of tumors treated with 8 Gy radiation alone (blue)
had similar changes, decreasing to 65 6 3% at 3 h, 36 6 3%
at 24 h and 53 6 6% at 7 d. These results suggest that
ultrasound-activated microbubbles are not effective at

enhancing the effects of 8 Gy radiation.
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control. Tumor specimens were subjected to VEGF and
CD31 staining 24 h post-treatment to assess the effect
of treatment on endothelial cells (Fig. 2a, b). Both stain-
ing methods revealed evidence of a decrease in the
percentage vasculature with different treatments, identi-
fied as decreased brown-red staining of discernable intact
vessels. For the control (0 Gy), 2 Gy and 8 Gy treat-
ments, the quantified proportions of CD31-stained
vessels were 100 6 3%, 77 6 4% and 50 6 20%. In
the presence of ultrasound-activated microbubbles, these
proportions were 60 6 10%, 50 6 10% and 20 6 10%
(Fig. 3b).

Longitudinal studies using power Doppler imaging
were undertaken to non-invasively assess treatment
effects on blood flow. The power Doppler-based VI,
a measure of the percentage of active vasculature in
a tumor, was computed relative to a baseline determined
before treatment. Data are expressed as the mean vascular
index 6 standard error of the mean in Figure 4. Quanti-
fied VIs after all 8 Gy treatments and the combined
2 Gy microbubble treatments were found to significantly
differ from those of controls (p, 0.05) at 24 h. However,
VIs after treatment with 2 Gy radiation alone (p 5 0.11)
or microbubbles alone (p 5 0.14) did not statistically
significantly differ from those of controls.



Fig. 5. Tumor growth is in qualitative agreement with power
Doppler results. The untreated tumors had the largest increases
in tumor volume over the 24 day period, followed by tumors
treated with 0 Gy and 3% microbubbles. The smallest increase
in tumor volume was for tumors treated with 8 Gy and 3% mi-
crobubbles. At least three mice were used for each curve. Error

bars represent standard errors.
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Tumors treated with 2 Gy radiation experienced
greater vascular destruction with combined treatments
than with radiation only (Fig. 4a). The VIs of tumors
treated with 2 Gy radiation and ultrasound-activated mi-
crobubbles decreased from baseline to 73 6 2% at 3 h,
48 6 10% at 24 h and 43 6 14% at 7 d. In comparison,
tumors treated with 2 Gy radiation alone underwent very
little initial change in blood flow and an eventual increase
in power Doppler signal 7 d after treatment (VIs for 2 Gy
condition: 946 14% at 3 h, 956 14% at 24 h and 1116
28% at 7 d). The added presence of ultrasound-activated
microbubbles elicited a nearly twofold decrease in
vascular flow compared with radiation alone at 24 h, sup-
porting the observation thatmicrobubbles can enhance the
effect of radiation on blood vessels.

Treatment with ultrasound-activated microbubbles
alone was not sufficient to disrupt tumor vasculature
significantly when compared to control tumors. After
treatment of tumors with 0 Gy and ultrasound-activated
microbubbles, the VI decreased initially to 77 6 25%
at 3 h and 78 6 14% at 24 h, before increasing signifi-
cantly to 1986 17% at 7 d. This appeared to be re-perfu-
sion of the tumor. In comparison, VIs of completely
untreated tumors were 119 6 15% at 3 h, 116 6 11%
at 24 h and 178 6 11% at 7 d. Tumors treated with 8
Gy radiation alone experienced significantly more
vascular damage than tumors treated with 2 Gy radiation
(Fig. 4b); VIs decreased to 65 6 3% at 3 h, 36 6 3% at
24 h and 53 6 6% at 7 d. On the other hand, combined
treatments with 8 Gy radiation and ultrasound-activated
microbubbles did not significantly reduce blood flow
(VI 5 58 6 7% at 3 h, 33 6 1% at 24 h and 51 6 7%
at 7 d).

We examined the effects of single-fraction (0, 2 and
8 Gy) radiation treatments with and without ultrasound-
activated microbubbles on tumor growth delay over
a 24 day period after treatment (Fig. 5). The mean relative
tumor volumes6 standard errors of at least three mice for
each treatment are plotted. Although statistically signifi-
cant effects are observed in quantified power Doppler and
histology, this does not currently translate to a significant
growth delay; a weak trend towards a slower growth is
observed, consistent with vascular damage. Tumors
treated with 8 Gy and ultrasound-activated microbubbles
had the longest growth delay and smallest increase in
volume, whereas tumors treated with 0 Gy and
ultrasound-activated microbubbles had the largest
increase in volume in comparison to other non-control
conditions.
DISCUSSION

Ultrasound-activated microbubbles substantially
enhanced the effects of 2 Gy radiation at 3 h, 24 h and
7 d, eliciting significant changes in blood flow as assessed
using 3-D high-frequency power Doppler ultrasound.
These results were interpreted as sustained vascular
damage to tumor vasculature. As power Doppler is
predominantly sensitive to flow in larger vessels
(.150–50 mm) of the tumor, which feed the smaller
capillaries of the microcirculation, a rapid decrease in
the VI likely resulted in tumor vascular shutdown and
tumor necrosis. In addition, vascular damage in terms
of a decreased vascular index was detected 24 h after
treatment using immunohistochemistry, further confirm-
ing our results using power Doppler ultrasound imaging.

As expected, 2 Gy doses of radiation alone were not
sufficient to suppress tumour vasculature blood flow in
a consistent manner (Fig. 4a). Tumors treated with
microbubbles alone experienced a decrease in detected
blood flow followed by a sharp increase in vasculature
by 7 d (Fig. 4b). Other studies have reported that
ultrasound-activated microbubbles alone can be used to
therapeutically induce arteriogenesis, angiogenesis and
neovascularization in mouse skeletal muscle (Chappell
and Price 2006; Chappell et al. 2005; Song et al. 2002).

We propose that the combination of ultrasound-
activated microbubbles and 2 Gy radiation enhances the
effects of radiation on the microvasculature through
a synergistic mechanism. The effect detected seems to
be more than additive, especially 7 d after treatment, at
which point a rebound was detected in tumors treated
with only ultrasound-activated microbubbles.

Tumors treated with 8 Gy radiation alone had signif-
icantly more vascular damage than those treated with
2 Gy radiation alone. These results support previous
research suggesting that high doses of radiation can
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directly affect tumor vasculature (Garcia-Barros et al.
2003; Paris et al. 2001), in contrast to low doses of radi-
ation, typically delivered in 2 Gy fractions, which indi-
rectly affect vasculature primarily through hypoxia,
reperfusion and formation of reactive oxygen species
(Fuks and Kolesnick 2005). The vasculature of tumors
treated with 8 Gy radiation was not significantly affected
by the presence of ultrasound-activated microbubbles.
This suggests that ultrasound-activated microbubbles
may be more suitable for use in conjunction with lower
doses of radiation.

A number of studies have reported the use of anti-
angiogenic agents or vascular disrupting agents (VDAs)
as tumor radiosensitizers (El Kaffas et al. 2013; Small
2008; Wachsberger et al. 2003). However, the exact
mechanisms underlying the interaction of these agents
with radiotherapy remain unknown (Tozer et al. 2005).
Ultrasound-activated microbubbles are a novel biophys-
ical alternative to traditional chemical VDAs for
enhancing the effects of radiation. There is evidence
that microbubbles act by mechanically damaging cell
membranes (Kudo et al. 2002; Truong An et al. 2008).
However, ongoing research in our laboratory has
suggested activation of the ceramide pathway as
a biological mechanism of interaction. Ceramide is
a second messenger molecule generated by the enzyme
acid sphingomyelinase at the cell membrane, which can
be activated in response to cellular stress (Hannun and
Obeid 2002). Ceramide was observed to increase in cells
treated with ultrasound-activated microbubbles and is
potentially an important contributor to endothelial
apoptosis and vascular disruption observed in vivo
(Czarnota et al. 2012).

A major advantage of this method is that ultrasound
is focused only on the tumor to cause microbubble pertur-
bations. In this way, only the tumor is radiosensitized,
reducing effects on surrounding normal tissue. In addi-
tion, the low-intensity pulsed ultrasound used in this
study is non-invasive and causes no significant morbidity
in normal tissue. The ultrasound parameters were in the
diagnostic exposure range, and no heating effects were
observed. This contrasts starkly with other anti-tumor
treatments involving ultrasound, including high-
intensity focused ultrasound (HIFU), which ablates local
tissue with the high temperatures generated by the
focused ultrasound beam (Haar and Coussios 2007).

In this work, we determined that the use of
ultrasound-activated microbubbles is a considerably
promising technique to enhance the therapeutic efficacy
of radiation treatment in cancer. A prime observation
appears to be its effects on blood vessels, which are
observed as changes in blood flow. Future work includes
studies in various other animal models and cancer cell
lines to examine the time kinetics of the observed syner-
gistic effect and the dosing required for an optimal radi-
ation and microbubble combination.
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