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the Tumor Response to Combined
Treatment With Ultrasound-Stimulated
Microbubbles and Radiotherapy
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Objectives—To investigate whether timing and sequencing of ultrasound-
stimulated microbubbles (USMBs) and external beam radiotherapy (XRT) affect
the treatment response in a preclinical prostate cancer model.

Methods—Prostate cancer xenografts were treated with ultrasound-stimulated
lipid microspheres before and after 8-Gy XRT. Treatments were separated by
0, 3, 6, 12, and 24 hours, with 5 tumors per group. Tumor effects were evaluated
by microvessel density (measured by CD31 staining), cell death (terminal
deoxynucleotidyl transferase deoxyuridine triphosphate nick end-labeling and
hematoxylin–eosin staining), and hypoxia (carbonic anhydrase 9 staining).

Results—Administering USMBs 6 hours before XRT showed the maximum
treatment effect using all 3 assays. At this time, the mean cell death index ± SD
was 36% ± 10%, compared with 19% ± 4% for no separation between USMB
treatment and XRT; the microvessel density was 9 ± 3 counts per field (19 ± 5
without separation); and the percentage of hypoxic cells was 10% ± 5% (21% ±
4%). The observed treatment effect was greater with USMBs before XRT than
when administering XRT first, but these differences were not statistically
significant.

Conclusions—The maximum tumor effect was observed with USMBs delivered
6 hours before XRT. The sequencing of treatment did not have a significant
effect on the tumor response.
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V asculature plays an important role in tumor survival as
tumors grow beyond 1 to 2 mm.1 Disrupting the formation
of new or existing blood vessels is a promising target for

cancer therapy, which can be achieved by competitively inhibiting
vascular signal transduction on cell surface receptors, interfering
with endothelial cell integrity, or by interfering with proteins
essential to migration pathways.2 Antiangiogenic therapies include
inhibitors of vascular endothelial growth factor,3 such as with the
monoclonal antibody bevacizumab4; tyrosine kinase inhibitors,
such as sunitinib, which blocks several endothelial cell receptors4;
and epidermal growth factor receptor inhibitors such as the
tyrosine kinase inhibitor gefitinib.5
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Other drugs target existing tumor blood vessels
for destruction. Such antivascular agents include
etaracizumab, which targets integrin ανβ3 and
induces apoptosis in vascular endothelial cells6; and
small-molecule vascular targeting agents, such as
5,6-dimethylxanthenone-4-acetic acid (DMXAA),
which has multiple mechanisms of action, including
the induction of cytokines such as tumor necrosis fac-
tor (TNF).7,8

These agents require high doses to be delivered
for acceptable efficacy to be achieved, and they are
nonspecific, targeting vasculature both within tumors
and normal tissue.9 They have also been associated
with toxicities such as impaired fever, wound healing,
anorexia, constipation, headaches, pain, and hypokale-
mia.6,9 Although many antiangiogenic agents are cur-
rently in common clinical use, antivascular agents
have been less successful when studied for use as sys-
temic therapy. A phase II trial that studied the addi-
tion of etaracizumab to dacarbazine for the treatment
of metastatic melanoma concluded that it was
unlikely to improve clinical outcomes.10 Two phase
III studies of DMXAA combined with chemotherapy
for non–small cell lung cancer failed to demonstrate a
survival advantage over chemotherapy alone.8

Ultrasound-stimulated microbubbles (USMBs) are a
promising antivascular therapy that works by inducing
apoptosis in endothelial cells.11When stimulated at a high
mechanical index (>0.8), microbubbles oscillate (stable
cavitation), leading to bursting (inertial cavitation). As a
result, shear forces can damage surrounding vascular
endothelial cells, leading to sphingomyelinase-related,
ceramide-induced apoptosis.12,13

Preclinical studies have demonstrated antitumor
effects both with USMBs alone14 and combining
USMBs with external beam radiotherapy (XRT) to
achieve synergistic effects.11 Studies have demon-
strated that USMBs are effective radioenhancement
agents for a variety of cell types in vivo, such as
breast, prostate, leukemia, and sarcoma tumors,15

with additive-to-synergistic effects seen for combina-
tions of USMBs and XRT.12,15,16 There is evidence to
suggest that USMB-mediated radioenhancement
results from an endothelial cell insult in the tumor
vasculature. Specifically, microbubble excitation initi-
ates apoptosis, likely by inducing sphingomyelinases
on the cell surface and subsequently provoking the
ceramide pathway.12,13

Combining XRT with vascular disrupting agents,
such as DMXAA, has demonstrated promising results
for improving tumor cytotoxicity. In this context, the
treatment sequence and timing between treatments
appear to affect treatment outcomes. Wilson et al17

concluded that combining XRT and DMXAA was
highly effective for treating breast cancer (MDAH-
MCa-4) and sarcoma (RIF-1) xenografts when
DMXAA was administered 12 to 48 hours after XRT
but less active when given 1 to 4 hours after.17

Murata et al18 administered DMXAA both before and
after XRT at various intervals to treat C3H breast and
KHT sarcoma xenografts and found that the largest
effect was seen when DMXAA was administered 1 to
3 hours after radiation, but little or no enhancement
was seen when DMXAA was given up to 6 hours
before XRT. Inhibition of vascular endothelial growth
factor receptors using monoclonal antibodies has also
been shown to enhance XRT effects in vivo, with
other targeted agents such as receptor tyrosine kinase
inhibitors showing lesser but generally positive results
in preclinical models.3,19

In the study presented here, we investigated differ-
ences in outcomes with combined USMB and XRT
therapy based on the treatment sequence and timing.
The principal aim of this study was to determine the
time separation between USMB and XRT administra-
tion that would maximize tumor cell death and anti-
vascular effects. The secondary aim was to determine
whether sequencing of combined therapy (ie, giving
USMBs before or after XRT) changed the effect. We
hypothesized that a similar effect would be seen as in
the DMXAA experiment, in which the greatest effect on
the tumor would be seen when USMBs were adminis-
tered around 1 to 3 hours after XRT.

Materials and Methods

Animal Model
Animal care protocols were approved by the Animal
Care Committee at Sunnybrook Research Institute in
accordance with guidelines from the Canadian Coun-
cil on Animal Care. Prostate cancer cells (PC-3;
American Type Culture Collection, Manassas, VA)
were cultured in RPMI 1640 (American Type Culture
Collection) supplemented with 10% fetal bovine
serum (Sigma-Aldrich, St Louis, MO) and 1%
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penicillin/streptomycin (Sigma-Aldrich). The cells
were incubated in humidified 5% carbon dioxide
HEPA-filtered air at 37�C. Cells were cultured to
80% confluence and collected with a 0.25% trypsin
and 0.02% EDTA solution at room temperature in
preparation for animal injection. CB-17 white-haired
severe combined immunodeficient male mice were
obtained from Charles River, Inc (Wilmington, MA).
A total of 106 PC-3 tumor cells were suspended in
100 μL of Dulbecco’s phosphate-buffered saline and
injected subcutaneously to the lower right hind leg of
each mouse. Tumors developed over 2 to 3 weeks to
reach a maximum diameter of 5 to 7 mm before
treatment.

Treatment Parameters
Perflutren lipid microspheres (Definity; Lantheus Medi-
cal Imaging, North Billerica, MA) were shaken in a
Lantheus device for 45 seconds at 3000 rpm. Low (1%
vol/vol) and high (3% vol/vol) microbubble concentra-
tions were calculated according to the total mouse blood
volume estimated by animal weight. The microspheres
were diluted in sterile normal saline and injected via the
tail vein with 0.1 mL of normal saline used to flush the
vein prior to treatment. Mice were mounted onto a cus-
tom stage and partially immersed in a 37�C water bath
for ultrasound (US) exposures.

The US therapy system consisted of a micro-
positioning system, an AWG520 waveform generator
(Tektronix, Beaverton, OR), an RPR4000 power ampli-
fier with a pulser/receiver (Ritec, Rochester, NY), and
an Acquiris CC103 digital acquisition system (Agilent
Technologies, Santa Clara, CA). The methods used for
US exposure were similar to those described in a previ-
ous study by our group.9 In short, animals were exposed
within the acoustic output half-maximum (−6-dB beam
width of 31 mm and a depth of field >2 cm) using a
16-cycle tone burst at a 500-kHz center frequency gen-
erated by a 2.85-cm unfocused planar US transducer
(Valpay Fisher Inc, Hopkinton, MA). A 3-kHz pulse
repetition frequency with a peak negative pressure of
570 kPa was delivered 50 milliseconds at a time,
corresponding to a mechanical index of 0.8. Biological
heating within tissue was minimized by using a
1950-millisecond period between US exposures for a
total insonification time of 750 milliseconds over
5 minutes.

Tumors were treated one at a time with 8 Gy of
radiation at a dose rate of 200 cGy/min, 160-kVp
energy, and source-to-skin distance of 30 cm using a
Faxitron cabinet x-ray system (Faxitron X-ray,
Lincolnshire, IL). A 3-mm-thick lead sheet with a cir-
cular aperture was used to expose the tumor only
while shielding the mouse. The filtration system for
this machine is 0.5-mm copper and 0.5-mm alumi-
num. Animals were placed under a heat lamp, and
temperatures were monitored by the veterinary tech-
nician responsible for overseeing the animal’s condi-
tion. Two treatment sequences were used: The first
sequence used USMBs followed by radiation treat-
ments (USMB�XRT) administered at 0, 3, 6, 12, and
24 hours after the microbubbles (n = 5 for each treat-
ment condition). The second sequence delivered
XRT first followed by USMBs (XRT�USMB) at 0, 3,
6, 12, and 24 hours after irradiation (n = 5 for each
treatment condition).

Imaging and Immunohistochemistry
Tumor blood perfusion was detected with a Vevo
770 US unit (VisualSonics, Toronto, Ontario, Canada) in
the power (amplitude) Doppler mode with a 25-MHz
RMV-710B transducer (central frequency, 20 MHz; lat-
eral resolution, 149 μm; axial resolution, 54 μm). Three-
dimensional volumetric scans were acquired (scan speed,
2.0 mm/s; wall filter, 2.5 mm/s; step size, 0.2 mm; 90%
bandwidth; 12.8-mm focal depth) with the center of the
tumor placed at the acoustic focus. Mice were anesthe-
tized for the duration of the scan with a combination of
2% oxygen-ventilated isoflurane for induction and then
intraperitoneal injection of ketamine at 100 mg/kg,
xylazine at 5 mg/kg, and acepromazine at 1 mg/kg in a
0.9% saline solution titrated at 0.02-mL intervals to a
maximum dose of 0.1 mL. The number of images
acquired per scan ranged from 60 to 100 frames
depending on the tumor size. Power Doppler images
were converted into device-independent data for analysis
with custom-designed software in MATLAB (The
MathWorks, Natick, MA). Microvessel perfusion signals
were determined by manually contouring a region of
interest encompassing the whole tumor in each frame.
The vascular index was calculated by dividing the number
of color voxels within the region of interest (representing
the power Doppler signal from red blood cell backscat-
ters) by the noncolor voxels (representing nonvascular
regions).
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Figure 1. Hematoxylin–eosin staining. Arrows (6-hour images) point to areas of nuclear changes associated with apoptotic cell death (origi-
nal magnification ×40; scale bar, 25 μm).
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Animals were euthanized 24 hours after completion
of treatment. For immunohistochemistry, tumors were
fixed at room temperature for a minimum of 4 hours in
10% acetate-buffered formalin (Fisher Scientific Canada,
Ottawa, Ontario, Canada) after tumor excision. Samples
were transferred to 4�C for 24 hours before processing
with an ASP300 smart tissue processor (Leica Micro-
systems, Richmond Hill, Ontario, Canada). Tissues were
embedded in EG 1160 paraffin (Leica Microsystems)
and prepared as 5-μm sections onto slides with
hematoxylin–eosin and terminal deoxynucleotidyl trans-
ferase deoxyuridine triphosphate nick end-labeling
(TUNEL) staining. Hypoxia immunostaining was per-
formed with carbonic anhydrase 9. To measure the
microvessel density (MVD), xenograft cross sections
were stained for tumor blood vessels with a CD31 anti-
body stain (Santa Cruz Biotechnology, Santa Cruz, CA).

High-magnification images of the stained histo-
logic slides were subsequently obtained with a Leica

DC100 microscope with a × 40 objective and a Leica
DC100 camera connected to a 2-GHx personal
computer running IM1000 software (Leica GmbH,
Wetzlar, Germany). With ImageJ software (National
Institutes of Health, Bethesda, MD), the entire tumor
area and the region of cell death staining by TUNEL
(dark purple staining) were delineated, and the cell
death index (CDI) was calculated by the following
formula:

CDI =
Acell death

Atumor
,

where Acell death was the area of the cell death region,
and Atumor was the area of the entire tumor. Hypoxia
was calculated via a similar method using the propor-
tion of the cell area staining positive for carbonic
anhydrase 9. To measure the MVD, for each of the
CD31-stained slides, 4 fields of view were analyzed at

Figure 2. Measurements of the CDI. Tumor cell death is assessed by TUNEL immunohistochemistry. The maximum CDI is obtained when
the time between USMB treatment and XRT is 3 to 6 hours. Asterisks indicate statistically significant differences from the corresponding
0-hour sample (P < .05); bars indicate standard deviation (n = 5 per condition).
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a × 10 acquisition magnification to compute the den-
sity of the vasculature for a total of 12 fields of view
per tumor. The MVD is presented as the mean per-
centage of the vessel area per microscopically com-
puterized field.20

Statistical Analyses
Treatment effect measurements (MVD, cell death,
and hypoxia) are reported as mean ± standard devia-
tion. The differences in these measurements within
and between sequences were analyzed by a 2-way
analysis of variance (profile analysis). The test of par-
allelism (interaction between time and sequence) was
not significant; thus, the final parsimonious model
had the main effects of the sequence order and time.
A priori within- and between-group differences were
examined by a contrast test with Bonferroni

corrections. P < .05 was considered significant. All
analyses were performed with Stata version 16.0 soft-
ware (StataCorp, College Station, TX).

Results

Results from the combined treatment with USMBs
and XRT led to increased cell death in tumors, which
appeared to be a mix of apoptotic cell death and
necrosis. Figure 1 shows representative hematoxylin–
eosin–stained histologic slides from tumors treated by
both treatment sequences (USMB�XRT and
XRT�USMB) at all measured separation times. The
treatment effect was evident for both sequences with
minimal changes visualized at the cellular level seen
for the 3-hour separation time. It was apparent that a

Figure 3.Measurements of the MVD. Vascular abundance was measured by power Doppler US. Maximum cytotoxicity is seen when USMB
treatment and XRT are separated by 3 to 6 hours. Asterisks indicate statistically significant differences from the 0-hour sample (P < .05);
bars indicate standard deviation (n = 5 per condition).
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time separation of 6 hours resulted in maximal cell
death regardless of which treatment (XRT or USMB)
was administered first. Administration of USMBs in
advance of XRT (USMB�XRT) resulted in greater
levels of cell death than administering the same treat-
ment but in the other order (XRT�USMB).

The CDIs for 0-hour tumors were 19% ± 4% for
the USMB�XRT cohort and 15% ± 4% for the
XRT�USMB cohort. With both treatment sequences,
the maximum CDI measurement was seen with
6 hours of separation between XRT and USMB
administration, with 36% ± 10% for the USMB�XRT
measurement at 6 hours of separation and 28% ± 5%
for the XRT�USMB measurement. At all separation
times, including the 0-hour measurement, the
USMB�XRT sequence showed greater cell death than
the XRT�USMB sequence at the corresponding time;

however, the difference between the sequences at
each time point was not statistically significant
(P = .91). With both sequences, the difference in the
CDI was significantly different from the 0-hour mea-
surement at 3, 6, and 12 hours (P < .05). The differ-
ence between the 0- and 24-hour measurements was
not significant for either sequence (P > .05). Figure 2
shows the results of CDI measurements.

Analyses of the MVD indicated a maximal dimin-
ishment of vessel counts coincident with maximal cell
death (6 hours). The MVDs within the 0-hour samples
measured 19 ± 5 counts per field for the USMB�XRT
0-hour sample and 18 ± 2 counts per field for the
XRT�USMB 0-hour sample. Although the 0-hour mea-
surement using the USMB�XRT sequence showed a
higher MVD than the XRT�USMB sequence, at each
subsequent time point, the USMB�XRT sequence

Figure 4. Measurements of the percentage of hypoxia. Hypoxia was detected by carbonic anhydrase 9 immunohistochemistry. The maxi-
mum proportion of hypoxic cells was measured when XRT was delivered 6 hours after USMB treatment. Asterisks indicate statistically signif-
icant differences from the 0-hour sample (P < .05); bars indicate standard deviation (n = 4–5 per condition).
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showed a lower MVD than the XRT�USMB sequence;
however, the difference between the sequences was not
statistically significant (P = .76). The maximum effect
(lowest MVD count) for both sequences of treatment
was observed at 6 hours, measuring 9 ± 2 counts per
field for the USMB�XRT treatment and 11 ± 1 counts
per field for the XRT�USMB treatment. All MVD mea-
surements using both sequences were significantly lower
than 0-hour samples (P < .01). Microvessel density mea-
surements are presented in Figure 3.

The percentage of focally hypoxic cells, as measured
by positive staining for carbonic anhydrase 9, for the
USMB�XRT 0-hour sample measured 10% ± 5%,
whereas hypoxic cells for the XRT�USMB sample mea-
sured 15% ± 2%. Once again, the maximum effect
(highest hypoxic cells) for both USMB�XRT and
XRT�USMB treatment sequences was observed at
6 hours, measuring 23 ± 5% for the USMB�XRT
sequence and 28 ± 2% for the XRT�USMB sequence.
Both the USMB�XRT and XRT�USMB measurements
at 3, 6, and 12 hours were statistically significantly differ-
ent from the 0-hour measurement (P < .05); the 24-hour
measurement was not significantly different from the
0-hour measurement for either sequence (P > .05). For
both sequences, the hypoxic cell content was lower for
USMB�XRT than XRT�USMB treatments at all separa-
tion times, including the 0-hour measurement; however,
the difference between the sequences was not statistically
significant (P = .76). Measurements of hypoxic cells are
shown in Figure 4.

Discussion

The data presented here demonstrate that a maximum
cytotoxic effect is provided by separating USMB and
XRT treatment by 6 hours. A persistent but non–
statistically significant trend was present whereby the
observed treatment effect was greater when using US
treatment first (USMB�XRT) as opposed to radiation
first (XRT�USMB).

Radiotherapy is a commonly used and effective treat-
ment for cancer. Although often combined with surgery
various systemic therapies (such as chemotherapy, endo-
crine therapy, and targeted or biologic agents), or both, it
represents the primary curative modality for many can-
cers such as prostate, head and neck, lymphoma, and cer-
vix. Randomized trials have demonstrated that higher

doses of XRT are associated with improved local control
of prostate cancer.21–24 However, the ability to further
escalate the dose, and hopefully further increase cure
rates, is limited by XRT-induced toxicity to normal struc-
tures such as the bladder and rectum. A proposed strategy
to increase the therapeutic window between control rates
and normal tissue toxicity is to administer an agent that
can selectively sensitize tumor tissue to XRT.

One promising new radioenhancing modality is
treatment with USMBs. Microbubbles freely circulate in
the body without toxicity, since they remain inert until
activated by acoustic energy.25 When a US beam is
focused at a tumor, only USMBs within the sonicated
area are stimulated and damage nearby endothelial cells
through cavitation.26 The lipid components of the bub-
bles are then metabolized and excreted, and the free gas
left behind is not metabolically active in vivo. Thus, sys-
temic administration of USMBs combined with focused
US only in the area of the tumor can maximize the
tumoricidal effect while minimizing toxicity to other parts
of the body. The safety of USMBs has been established in
clinical settings, although side effects, including headache,
nausea, and allergylike reactions, have been reported.26,27

Previous studies have examined different radio-
sensitizing agents and the effect of sequencing on their
effects. Murata et al18 studied the effect of sequencing
XRT and the vascular disrupting agent DMXAA on
tumor damage. In their study, maximal cell killing was
seen when DMXAA was delivered 1 to 3 hours after
XRT. Conversely, little or no antitumor effect was
observed when DMXAA was delivered before XRT.
Our results suggest that there is no statistically signifi-
cant difference in treatment effects when radiation is
delivered either before or after microbubble vascular-
disrupting agents (ie, no significant difference between
USMB�XRT and XRT�USMB sequences with the same
separation). The results in this study also suggest a maxi-
mal cytotoxic effect with a 6-hour separation between
USMB treatment and XRT, longer than the 1 to 3 hours
suggested by Murata et al.18

A proposed mechanism of action of DMXAA is
through the release of TNF-α,18,28 which can induce
pathways that promote either apoptosis (programmed
cell death) or cell survival.29 This duality of function
may explain why differences were seen in radio-
sensitization by DMXAA depending on the sequence of
administration. When DMXAA was given before XRT
(and no radiosensitization was seen), the lack of XRT
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may have led to preferential activation of cell survival
pathways from TNF-α. Conversely, when DMXAA was
given after XRT, radiation-induced cell death had
already begun, which may have preferentially selected
for the apoptotic function of TNF-α and resulted in the
observed synergistic effects between XRT and DMXAA.

In the work here, tumors were treated with
USMBs either before or after XRT. Whereas USMBs
damage endothelial cells primarily by inducing apo-
ptosis, there is no known activation of TNF-α and a
cell-protective effect caused by USMB activation.
Thus, synergistic effects should be seen whether XRT
is given before USMBs or vice versa. The synergistic
effect between XRT and USMBs has been demon-
strated by previous work from our laboratory.11 On
the basis of our results here, there appears to be no
difference in the effect based on sequencing, which
supports the hypothesis that the two mechanisms of
action are separate. However, a nonsignificant but
consistent trend was seen to greater cytotoxicity with
USMB�XRT over XRT�USMB, which may suggest a
slight preference for USMBs given before XRT.

We also observed an increase in hypoxia when
USMBs and XRT were administered together, com-
pared to 0-hour samples. The level of hypoxia measured
for the USMB�XRT sequence was lower than that
observed for the XRT�USMB sequence; this difference
was not statistically significant except for the 6-hour time
point (P < .05). This finding may suggest that USMB
administration can induce vascular normalization.
Teicher et al30 demonstrated that Lewis lung carcinoma
xenografts treated with the antiangiogenic agents TNP-
470 and minocycline had increased oxygenation. They
also demonstrated oxygen-dependent cytotoxicity and
an increased cytotoxic effect when antiangiogenic ther-
apy was combined with fractionated XRT. Similarly,
hypoxic cells are resistant to apoptosis.31 Our results
agree with the hypothesis that USMBs disrupt the
tumor vasculature, induce vascular normalization, and
lead to decreased hypoxia and increased cell killing.

Previous work11,13 suggests that USMBs and
XRT, both individually and in concert, lead to release
of ceramide, a sphingolipid that serves as a second
messenger in the stress response. Although its exact
mechanism of action is not completely understood,
ceramide may activate apoptosis by mediating release
of sphingomyelinases in response to membrane dam-
age.32 The multiplicity of potential mechanisms by

which USMBs may increase cytotoxicity by XRT
and the finding that the cytotoxic effect is similar
whether USMB treatment precedes or follows XRT
may suggest that an additional therapeutic benefit
can be derived by administering USMBs both
before and after XRT. This possibility warrants fur-
ther investigation. A comparison to single-modality
treatments was not performed here but may be
found elsewhere.11

Other work has suggested increased radiosensitivity
of tumors in severe combined immunodeficient mice
(as used here) based on stromal responses to radia-
tion.33,34 However, more recent work35 has refuted this
by demonstrating that short-chain, acyl-coenzyme A
dehydrogenase acid sphingomyelinase (ASMase)−/−

mice show acquired tumor radioresistance to single
doses of radiation. The authors, García-Barros et al,35,36

concluded that “ASMase-mediated microvascular dys-
function, rather than DNA damage–mediated endothe-
lial clonogenic lethality, plays a mandatory role in the
complex pathophysiologic mechanism of tumor cure by
singles doses of radiotherapy and provides an explana-
tion for the wild-type single-dose radiotherapy responses
reported in tumors implanted in severe combined
immunodeficient mice.”

The major limitation of this study was the small
number of tumors studied at each time point. However,
a trend was evident whereby measurements using the
USMB�XRT sequence showed consistently higher cyto-
toxicity (higher cell death by TUNEL and lower hyp-
oxia and MVD measurements) than measurements
using the XRT�USMB sequence with the same time
separation. Therefore, despite the small sample, we sug-
gest that the USMB�XRT sequence produces a greater
cytotoxic effect than the XRT�USMB sequence, but the
size of this difference is likely small. Further study with
larger samples is warranted to determine the size of this
effect as well as with other animal models to confirm
the persistence of the observed effect.

We propose that future clinical studies of combi-
nation therapy with USMBs and XRT should imple-
ment the USMB�XRT sequence, if feasible, but the
XRT�USMB sequence is reasonable if administration
of USMBs after XRT is more convenient. Future
work should also investigate whether administering
USMBs both before and after XRT shows an addi-
tional therapeutic benefit beyond a single USMB
administration.
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In conclusion, the timing of administration of
USMBs and XRT is a significant determinant of cyto-
toxicity, with a separation time of 6 hours having the
maximum effect. Comparing USMBs delivered before
and after XRT, we did not observe a significant bene-
fit for one sequence over the other. Further testing is
warranted to validate these findings, given the limited
sample size, and to develop clinical protocols for
combining USMBs and XRT.
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