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Abstract

High-dose radiotherapy effects are regulated by acute tumour endothelial cell death followed by rapid tumour
cell death instead of canonical DNA break damage. Pre-treatment with ultrasound—stimulated microbubbles
(USMB) has enabled higher-dose radiation effects with conventional radiation doses. This study aimed to
confirm acute and longitudinal relationships between vascular shutdown and tumour cell death following
radiation and USMB in a wild type murine fibrosarcoma model using in vivo imaging.

Methods: Tumour xenografts were treated with single radiation doses of 2 or 8 Gy alone, or in combination
with low-/high-concentration USMB. Vascular changes and tumour cell death were evaluated at 3, 24 and 72 h
following therapy, using high-frequency 3D power Doppler and quantitative ultrasound spectroscopy (QUS)
methods, respectively. Staining using in situ end labelling (ISEL) and cluster of differentiation 31 (CD31) of
tumour sections were used to assess cell death and vascular distributions, respectively, as gold standard
histological methods.

Results: Results indicated a decrease in the power Doppler signal of up to 50%, and an increase of more than
5 dBr in cell-death linked QUS parameters at 24 h for tumours treated with combined USMB and radiotherapy.
Power Doppler and quantitative ultrasound results were significantly correlated with CD31 and ISEL staining
results (p < 0.05), respectively. Moreover, a relationship was found between ultrasound power Doppler and
QUS results, as well as between micro-vascular densities (CD31) and the percentage of cell death (ISEL) (R2
0.5-0.9).

Conclusions: This study demonstrated, for the first time, the link between acute vascular shutdown and acute
tumour cell death using in vivo longitudinal imaging, contributing to the development of theoretical models that
incorporate vascular effects in radiation therapy. Overall, this study paves the way for theranostic use of
ultrasound in radiation oncology as a diagnostic modality to characterize vascular and tumour response effects
simultaneously, as well as a therapeutic modality to complement radiation therapy.

Key words: ultrasound therapy and imaging, ultrasound treatment monitoring, power Doppler, quantitative
ultrasound spectroscopy, ultrasound-stimulated microbubbles, radiation therapy, vascular targeting.

Introduction

Radiotherapy is a common therapeutic modality
for cancer treatment. It is canonical in radiobiology
that radiotherapy acts by direct or indirect damage to
the DNA of cancer cells, which in-turn prevents
tumour cell proliferation, leading to cell death (1,2).
Recent studies in pre-clinical murine models suggest
that tumour endothelial cells preferentially and

acutely respond to single high doses (> 8-22 Gy) of
radiation, and that inhibiting radiation-based tumour
vascular responses minimizes the overall tumour
response to treatment (3-7). These studies suggest
that tumour vasculature is an important regulator of
tumour response to radiation (6,8). More specifically,
these posit that acute vascular shutdowns result in
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rapid tumour cell death that directly contributes to
the observed enhancement in tumour
radiation-response  (Figure 1A). Such observed
vascular responses have been linked to
ceramide-dependant apoptosis signalling
mechanisms that are triggered by the upregulation of
acid-sphingomyelinase (ASMase) in the membrane of
cells (5, 9, 10). Studies have suggested the use of
conventional vascular targeting agents, such as
anti-angiogenics, to radiosensitize tumour endothelial
cells to lower (< 6 Gy) radiation doses (6, 7, 11-13).
More recently, ultrasound-stimulated microbubbles
(USMB) have Dbeen demonstrated as novel
mechanobiology-based vascular targeting agents with
the ability to increase endothelial cell radiosensitivity
(12, 14-16).

Microbubbles are micron-sized (2-12 pm)
spheres, typically filled with gas or air, and enclosed
within a biocompatible protein or lipid shell material.
These are commonly used as ultrasound contrast

agents, yielding tissue perfusion information (17). A
number of new therapeutic applications have been
proposed that leverage the biomechanical effects of
these mechano-acoustic agents (18). Of particular
interest is the use of microbubbles as endothelial
radiosensitizers (12, 16, 19). Localized stimulation of
microbubbles with ultrasound mechanically perturbs
endothelial cell membranes, thus resulting in the
activation of a ceramide-based biomechanical
pathway  that  enhances  endothelial  cell
radiosensitivity, reminiscent of that described above.
Treatment with radiation subsequently results in
acute vascular disruption (shutdown) and an overall
improved tumour response to both low (2-4 Gy) and
high (> 8 Gy) doses of radiation. While both high-dose
radiation and USMB-based effects have been
evaluated using immunohistological methods, no
longitudinal in vivo treatment monitoring has been
used to confirm a direct relationship between vascular
shutdown and tumour cell death.
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Figure 1. (A) Schematic of experimental workflow, imaging time points and treatment conditions. (B) lllustration of events causing tumour cell death where

endothelial cells are primary responders/target, followed by tumour cell death.
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In this work, we have investigated the
relationship between acute vascular disruption and
tumour cell death at different times following
microbubble-radiation-based  vascular  targeting
therapy. Animal tumours were treated with a low (2
Gy) or a high (8 Gy) dose of radiation alone, or in
combination with ultrasound-stimulated
microbubbles (USMB) (Figure 1B). Treatment
responses were assessed at 3, 24, or 72 h after the start
of treatment. Volumetric high frequency ultrasound
was used to investigate the effects of treatment on
tumour vasculature and tumour cell death. More
specifically, volumetric power Doppler ultrasound
was utilized to monitor tumour vascular responses in
longitudinal studies (20-22). Furthermore, power
Doppler, quantitative ultrasound spectroscopy (QUS)
methods were used to assess acute tumour responses
to prescribed therapies (23-27). In addition to
ultrasound, we collected tumours post-mortem to
assess cell death and micro-vascular densities using
standard immunohistological methods (CD31 and
ISEL).

Methods and Materials

Animal Tumour Model

All animal experiments presented in this work
were conducted in compliance with internationally
recognized guidelines specified in protocols approved
by the Sunnybrook Research Institute Institutional
Animal Care and Use Committee. MCA-129
fibrosarcoma cells were cultured in DMEM (Wisent
Inc.,, Montreal, QC), supplemented with 10%
Characterized Fetal Bovine Serum (Hyclone, Logan,
UT) and 1% Penicillin Streptomycin (Gibco, Grand
Island, NY), and incubated at 37°C in a humidified
incubator, maintained at 5% CO,. Cells were
trypsinized (Gibco, Grand Island, NY), pooled and
counted. A total of 1x10¢ cells suspended in 50 pl of
phosphate-buffered saline (PBS) were injected into the
right hind leg of wild type C57BL/6 mice. This type of
mouse was shown to be compatible with the cell lines
used (5,9). Tumours were grown for approximately 10
days, reaching an average diameter of 1.0 cm at the
time of experiments. A total of 108 animals were used
for this study.

Treatment

Mice were anesthetised via subcutaneous
injection prior to treatment using a mixture of
ketamine (100 mg/kg), xylazine (5 mg/kg) and
acepromazine (1 mg/kg). Animals were kept warm
using heat lamps and/or heat pads in order to
maintain their regular body temperature and normal
blood flow during treatment and imaging. Definity®
microbubbles were used for USMB (Lantheus Medical

Imaging Inc., N. Billerica, MA). Definity® bubbles
were activated as instructed by the manufacturer
using a Vialmix® (Lantheus Medical Imaging Inc., N.
Billerica, MA) for 45 s. According to the manufacturer,
this resulted in the formation of microbubbles with a
mean diameter ranging from 1.1 um to 3.3 um and a
maximum diameter of 20 pm. For USMB therapy, the
treatment set-up was based on previously published
studies, which includes optimization of ultrasound
parameters and timing (11,12,15,28-30). During
USMB therapy, animals were mounted on an acrylic
jig, which was then submerged in a 37°C water bath
within the focal range of a 500 kHz linear transducer
(ILO509HP; ValpeyFisher Inc.). This was attached to a
micropositioning system and excited with a
sinusoidal wave generated by a waveform generator
(AWG520; Tektronix), a pulse-receive power
amplifier (RPR4000; Ritec Inc.), and a
digital-acquisition system (Acquiris CC103, Agiulent
Technologies NY). Tumours were exposed over 50 ms
to a 16-cycle tone burst at 500 kHz and 3 kHz pulse
repetition frequencies with a 10% duty cycle during
the 50 ms window. The treatment duration was 5 min,
amounting to a 750 ms exposure over 5 min for all
mouse treatments, with an average duty cycle of
0.25%. Specifically, at 500 kHz the pulse bandwidth of
the 16-cycle tone burst was 31.3 KHz. The pulse
repetition period (3-KHz pulse repetition frequency)
was 0.333 ms, which, over 50 ms, corresponded to 150
periods of 16-cycle tone burst or 4.8 ms (rounded to 5
ms) (12,15,28,31). This 5 ms time occurred every 2 s to
permit blood vessels to refill with bubbles during a
treatment time of 5 min (300 s), or 150 times, for a total
time of 750 ms. The ultrasound peak negative
pressure was 570 kPa measured with a calibrated
hydrophone (Sonora Medical Systems Inc, Longmont,
CO) (15,31). The -6 dB beamwidth was 31 mm and the
-3 dB beamwidth was 18 mm. The head of the animal
remained dry, while only the hind legs were
submerged, carefully placing the tumour volume at
the natural peak focus of the ultrasound transducer,
and subsequently exposing only the tumour volume
to the ultrasound field. Microbubbles were then
diluted in saline (25 pL of microbubbles in 75 pL of
saline for 1% and 70 pL of microbubbles in 30 pL of
saline for 3%) and intravenously injected into the tail
vein via catheter during insonification. A total of 100
uL of the microbubble solution at low (1% v/v) or
high (3% v/v) concentration according to total animal
blood volume estimated by its weight was injected at
a constant rate, followed by 150 pL of saline with 0.2%
heparin. Microbubbles were stimulated within the
tumour volume as above. Tumours were subjected to
ultrasound treatment for a total of 5 min, and
immediately irradiated afterwards. More details
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about the treatment set-up
Supplementary Figures S1 and S2.

Radiation therapy was administered with a
Faxitron cabinet irradiator (Faxitron Bioptics,
Lincolnshire, IL) using X-rays at an energy of 160 kVp,
a source to surface distance (SSD) of 35 cm, and a dose
rate of 200 cGy/min. Radiation doses used were 2 Gy
and 8 Gy in single doses, administered alone, or
immediately after USMB. Animals were covered with
a 3 mm thick lead shielding, exposing only the
tumour volume to radiation. A total of 4-5 animals
were used in each of the 27 therapeutic conditions (0
Gy, 2 Gy, 8 Gy; No USMB, Low USMB, High USMB; 3
h, 24 h, 72 h).

are presented in

In Vivo Imaging

High-frequency volumetric power Doppler
ultrasound was used to assess overall tumour
responses to administered treatments. The modality
allowed imaging whole 3D volumes as opposed to
single 2D planes, as is often the case in other vascular
imaging methods and immunohistological assays (7).
At high frequencies, power Doppler ultrasound can
detect flow signals of 1-2 mm/s in vessels that are
greater than 30 um in diameter and are up to 25 mm
below the skin surface. Data was acquired using a
VEVO770 high-frequency ultrasound-imaging device
(VisualSonics, Toronto, ON) with a 30 MHz
transducer (RMV-707B: 55 pm axial resolution, 115
pm lateral resolution, focal length of 12.7 mm, centre
frequency of 25 MHz as indicated by manufacturer)
(20-22,32-40). A motorized scan stage (VisualSonics,
Toronto, ON) was used to acquire volumetric data at a
step size of 0.2 mm. The focal zone was placed slightly
below the centre of the middle volumetric 2D plane.
Power Doppler data were collected with the following
optimized settings: a clutter-filter cut-off of 1.0 mm/s,
a scan speed of 0.8 mm/s, a pulse repetition frequency
of 4 kHz, a power Doppler gain of 20 dB, and a frame
rate of ~10 fps. The reconstructed 3D images can be
utilized to quantify vascular density and average
blood vessel sizes and to provide information about
the vascular structure, distribution and branching in
tumours (6, 21, 39, 41). For this study, analysis of
Power Doppler data was conducted using in-house
developed software in MATLAB  (R2011b,
MathWorks, Natick, MA). The vascularity index (VI)
was computed from the power Doppler images by
obtaining the volume of all colored objects (colored
pixels) over the volume of the selected regions of
interest (ROI) per whole tumour. A relative
vascularity index was used to assess overall vascular
response to therapy, computed by dividing the VI at a
given time (VI;, where /i can be 3 h, 24 h, or 72 h) by
the VI at 0 h (VIp) as below:

Relative VI = (VI, / VI)) x 100 - 100 (1)

To minimize any artefacts that might arise from
vibrations in the room, animals were placed on an
anti-vibration stage (Thor Labs, Ely, UK). Tumours
were imaged immediately prior to administering any
treatment (“pre-treatment” imaging), and at 3 h, 24 h
or 72 h after treatment (“post-treatment” imaging).

Raw radiofrequency (RF) data was recorded
digitally (sampled at 420 MHz) with a 12-bit dynamic
range using a VEVO770 (RMV 707b; VisualSonics,
Toronto, Canada) to assess acute tumour response
(cell death) using QUS spectroscopy methods (42).
QUS generally refers to methodologies that examine
frequency-dependent  backscatter ~and  power
spectrum-based statistical estimates of backscatter
contributors from RF raw data (i.e., before envelope
detection, log amplification, and B-mode image
formation) to characterize tissue acoustic properties
(43, 44). Parameters can be obtained from a
linear-regression fit to the power spectrum of the
signal that are related to the effective scatterer size
and/or the acoustic scatterer concentration of the
imaged tissue (45-47). Various studies have
demonstrated that these parameters are sensitive to
subtle micro-structural characteristics and alterations
occurring in tissue due to biological responses to
cancer treatment such as cell death (23,25,48-54).
Parameters obtained from QUS do not rely on
exogenous contrast agents, and relate to the physical
and acoustic properties of tissues and underlying cells
as they change due to treatment (42). QUS methods
are mostly independent of machine settings due to
normalization to a reference spectrum acquired at
each imaging session. This is a desirable attribute that
makes these methods more robust and advantageous
over quantification using conventional B-mode
imaging by eliminating a major source of uncertainty
(44). Fourier-based spectroscopic analysis of
ultrasound RF data was conducted on rectangular
regions of interest (ROI), selected by placing the
largest possible rectangular ROI within the tumour
cross-sectional image without going outside of the
tumour tissue itself. A total of 10 ROIs on separate 2D
planes were selected for each tumour volume, at each
time point. The power spectrum was estimated by
taking the square of the magnitude of the fast Fourier
transform (FFT) of the Hamming-gated RF echo
segment es(t, x;), as a function of time (f) and lateral
position (x;) for each scan line in each ROI. An average
power spectrum was obtained for each of the ROIs.
All data was normalized using previously validated
methods that rely on a reference calibration spectrum
ep(t, xi) (obtained from a flat plexi glass echo segment)
to determine quantitative spectral parameters. The
normalization process reduces the influence of system
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properties and instrument settings on spectroscopic
analysis. The power spectrum for each ROI can hence
be obtained from:

N 2
D IFFT(e,(t,x,)
S(f)= b: 5
2 FFT (e, (t,x)

=M (2)
where i = M, M + 1, ..., N RF lines in the ROI
window. Quantitative spectral parameters were
derived from a linear-regression approximation (in
logarithmic scale) within a -6 dB window to the
normalized power spectrum. Parameters of interest
include the spectral slope (slope of
line-approximation; SS), the 0-MHz spectral intercept
(y-axis intercept of line-approximation; SI), the
mid-band fit (solution of line-approximation at the
centre frequency of -6 dB bandwidth; MBF). These
parameters are, in turn, related to the scatterer size
(SI, SS), the acoustics scatterer concentration (MBF,
SI), or difference in acoustic impedance between the
scatterer and its surrounding medium (SI). More
specifically, parameters were obtained using the
following equations, where f. is the central frequency:

S(f)=SSxf+SI (3)
MBF = S(£.) 4)

The MBF parameter has been demonstrated to be
the most representative of treatment response in
pre-clinical studies, with good correlation to cell death
(52,53). As a result, this study primarily focused on
this parameter. In addition, spatial parametric images
of MBF were also generated by displaying the results
of a sliding window analysis on a pixel-by-pixel basis
within the ROl wusing a Hamming function.
Parametric images were produced using a sliding
window with a time-bandwidth product of ~7.

Immunohistochemistry

Animals were euthanized by cervical dislocation
and tumours were excised for immunohistological
staining. Tumours were sectioned in halves; one half
was fixed in formalin and the other was placed in an
optical gel and flash frozen with liquid nitrogen.
Formalin-fixed tumour sections were used for
staining, while flash-frozen sections were kept as
backup or for potential future use. The formalin fixed
sections were first stored up to 2 days in room
temperature and then moved to a 90% ethanol
solution and stored at 4°C for up to 5 additional days.
These specimens were sectioned into 5 pm thick slices
and mounted on glass slides for staining. From each
tumour, 3 sections were stained with hematoxylin and
eosin (H&E), in situ end labeling (ISEL) or cluster of

differentiation 31 (CD31). Staining with H&E was
used for general surveying of tumour morphological
alterations following therapy and was not quantified.
Staining with ISEL was quantified by computing a
ratio of ISEL stained areas to whole tumour
cross-sectional area, resulting in a percent cell death
index. This was carried-out using a custom MATLAB
(The MathWorks, Natick, MA) routine, which allows
the user to compute the number of brown pixels
(ISEL-stained) over the total number of pixels per
whole segmented tumour cross-section in a digitized
histology slide (7,27,31). Endothelial-specific CD31
staining was used to quantify micro-vascular
densities (MVD) and to complement power Doppler
findings. This was done by counting the number of
stained blood vessels in 4-5 fields of view (vessels per
0.623 mm?) under a 20% objective lens, as described in
(65). All immunohistology quantification was
performed by the same person for consistency.

Statistical Analysis

Two-way analysis of variance (ANOVA) on
quantitative parameters was carried-out to assess
treatment interactions. More specifically, ANOVA
was used to test if radiation dose has the same effect
on each of the parameters at all USMB doses. If no
interaction was found, testing was conducted to
determine if radiation or USMB dose affects results
independently. Quantitative parameters include the
power Doppler VI; the QUS MBF, SS and SI; the CD31
MVD; the ISEL percent cell death. In addition,
pairwise multiple comparisons were performed using
Tukey’s Honest Significant Difference Procedure to
test for significance between each condition and the
control condition (0 Gy and No USMB) at 3 h, 24 h or
72 h (56, 57); statistical significances (p < 0.05) are
indicated by * directly in figures. Correlations
between quantitative parameters were done with the
Spearman correlation coefficient (r) and the coefficient
of determination (R? - from best-fit via linear or
quadratic regression). All statistical analyses were
done using MATLAB (The MathWorks, Natick, MA)
and GraphPad Prism (GraphPad Software, La Jolla,
CA).

Results

Representative maximum intensity projection of
power Doppler tumour blood flow at 24 h after the
indicated treatment, rendered from
volumetrically-acquired power Doppler ultrasound
images, qualitatively demonstrated a decrease in
power Doppler signal following a single dose of 2 Gy
radiation combined with the high dose USMB therapy
(Figure 2-top row). Figure 2 also exhibits
representative QUS-ROIs overlaid on 2D B-mode
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images obtained from the volumetric data (second
row). The third row (Figure 2) exhibits representative
QUS-MBF parametric maps generated within the
specified ROI at 24 h after the indicated treatment.
Images qualitatively demonstrate an increase in the
MBF intensity by 24 h in tumours treated with
radiation and USMB.

Quantified relative VI values are plotted in
Figure 3A. We observed that treatments with USMB
alone (0 Gy, leftmost panel) had minimal effect on the
VL. A slight increase in VI signal was observed at 72 h.
Treatments with radiation alone (No USMB and 2 or 8
Gy) caused the VI to decrease at all three times. A
relative VI average significant decrease of up to 31%
was noted in animals treated with the 8 Gy radiation
dose as early as 3 h after treatment. When
ultrasound-stimulated microbubbles (Low and High)
were delivered in conjunction with radiotherapy, a
relative VI decrease of up to 46% was noted at the 2
Gy and 8 Gy doses, respectively. This was observed as

Control

2 Gy -No USMB

early at 3 h for 2 Gy with Low USMB. At 24 h, only
combinations of low (p < 0.05) and high (p < 0.01)
USMB with 2 Gy or 8 Gy radiation were found to
exhibit statistically significant effects. Finally, we
noted tissue re-perfusion (increase in the power
Doppler VI relative to baseline) when by 72 h for all
combined treatments. ANOVA of the relative power
Doppler VI indicated a significant synergistic
interaction between radiation and USMB at 24 h only
(p <0.01).

The changes in MBF values from “pre-” to
“post-treatment” scans (AMBF) at different times are
quantified and presented in Figure 3B as a function of
treatment condition and time. Results suggest some
increases in the MBF parameter following treatment
with USMB alone. Treatments with 2 Gy radiation
combined with microbubble treatments at the low
USMB concentration exhibited a similar response to
delivering 8 Gy radiation alone. An increase of up to 5
dBr by 72 h was noted in animals treated with 2 Gy

2 Gy - Low USMB 2 Gy - High USMB

Figure 2. Top row exhibits volumetric maximum intensity projections of tumour power Doppler signal for a control tumour at 24 h, as well as following 2 Gy alone,
or in combination with Low USMB and High USMB (all at 24 h). Results qualitatively demonstrate a decrease in power Doppler signal as a function of treatment. The
second row exhibits 2D B-mode images of a single plain in the center of a tumour volume with a rectangular overlay as a representative ROl used for QUS analysis.
Images are of post-treated tumours. The third row exhibits parametric map overlays of the MBF in the selected ROIs. One can observe an increase in signal as a
function of treatment. Color legend bars encompass 40 dB for power Doppler and 12 dBr for the MBF parametric map images. Yellow arrows indicate the tumour
tissue-skin boundary. Scale bars denote 2.2 mm for power Doppler and 1 mm for Bmode/QUS parametric map.
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radiation and a high USMB dose. In tumours treated
with 8 Gy alone, we noted an MBF increase of ~1-2
dBr by 24 h and 72 h. The addition of microbubbles to
single 8 Gy radiation doses enhanced the AMBF by 24
h (~ 4 dbr for Low and ~ 5 dBr for High) and 72 h (> 5
dBr for High). We have also extracted the MBF, SS
and SI. Results for these parameters are presented in
Supplementary Figure S3. No statistically significant
interactions were noted between radiation and USMB
at any of the time-points in the QUS-MBF parameter.
Radiation dose significantly affected MBF values at all
time-points (p < 0.01 at 3 h; p <0.001 at 24 h; p = 0.001
at 72 h). Similarly, USMB dose affected MBF results at
all time points (p = 0.01 at 3 h; p <0.01 at 24 h; p <
0.0001 at 72 h).

Figure 4A exhibits representative images of ISEL
(top) and CD31 (bottom) stained tumour
cross-sections at 24 h, respectively. A qualitative
response was observed in treated versus non-treated
tumours. Figure 4B presents quantified percent cell
death obtained from ISEL staining. USMB therapy
delivered alone had no observable effect on cell death.
Combination treatments of radiation and USMB
resulted in a significant increase in the cell death
index when compared with the corresponding
radiation only conditions, for each of the experimental
times. Quantification of cell death from ISEL staining
was in general agreement with qualitative findings.
The use of a low USMB dose with a single dose of 8
Gy radiation resulted in an increase in cell death
relative to 8 Gy alone at 24 h. A similar enhancement
trend in cell death was observed in other conditions

with combined treatments at 24 h and 72 h. However,
through this analysis, we noted minimal cell death at
the 3 h time. We also noted up to 200% greater
amounts of cell death at 24 h and 72 h, in comparison
to quantified cell death at 3 h. A statistically
significant interaction was noted between radiation
and USMB for ISEL quantification at 72 h (p = 0.04).
Vascular CD31 staining was used to assess
micro-vascular response and to confirm power
Doppler results. Representative images of tumour
cross sections obtained at 24 h after treatment are
shown in Figure 4A. Quantified CD31 staining based
on the MVD method (Figure 4C) showed negligible
effects when USMB were used alone; over a 72 h
period, we observed a marginal increase in MVD (<
20%). Additionally, radiation alone (no USMB) caused
a decrease in MVD of > 10-20%. When USMB were
delivered in conjunction with radiotherapy, we
observed a decrease in the MVD greater than 50% of
the original values. We also noted an average MVD
decrease of ~45% for combined USMB and 2 Gy
irradiation at 24 h. Similarly, at 72 h, the use of USMB
resulted in a decrease in the MVD compared to
radiation alone. In addition, it was observed that
MVD values vary minimally between the 24 h and 72
h time endpoints, reminiscent of results obtained from
power Doppler analysis. Statistically significant
interactions were observed at 72 h (p = 0.02).
Radiation dose significantly affected CD31 MVD at 3
hand 24 h (p = 0.03 and p < 0.01, respectively); USMB
dose affected CD31 MVD results at 24 h (p = 0.03).

A 75 75 5
[ NoUSMB
_ 50, _ 501 _ 501 [ Low USMB
z 254 z 254 i 254 W HighUsmB
2 o £ o £ o
2 gas - |0 g2 UL
& -251 & -251 & 25
-504 -50- * g -50
15— -5l 75—
Dkl DakAl BakaL DAl BakAY DAl kAl DA DAL
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- - O - O
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Figure 3. (A) Quantified power Doppler vascularity index (VI) at 3 h, 24 h and 72 h for control, single doses of 2 Gy or 8 Gy radiation, low and high concentration
of USMB, and combined treatment permutations. The graphs exhibit the relative change of Doppler signal represented as the relative VI. There is a decrease in the
VI for combined microbubble and radiation treated tumours when compared with the radiation only conditions, entailing an enhanced radiotherapy effect with the
use of microbubbles. (B) Quantified MBF for the same treatment conditions. Similar to power Doppler results, we note a greater increase in the MBF QUS parameter
in animals treated with radiation and microbubbles, in comparison to those treated with radiation or microbubbles alone. Significance is indicated by * for p < 0.05.
All conditions are compared to the control condition (0 Gy and Nil microbubbles of the corresponding time points).
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In Figure 5A, correlations of MVD values to the
relative VI at the 3 h, 24 h and 72 h times are
presented. Results suggest that the best fit within the
95% confidence interval occurs at the 24 h and 72 h
times, with R? values of 0.8 and 0.6, respectively.
Spearman  correlation  indicated  significant
correlationsat24 hand 72 h (p =0.15at3 h; p < 0.01 at
24 h; p = 0.01 at 72 h). Similarly, Figure 5B exhibits
correlations of the cell death (ISEL) to the AMBF at the
3 h 24 h and 72 h times. From these, excellent
correlative fits within the 95% confidence interval
(with an R2 > 0.8) were observed at the 24 h and 72 h
times. Spearman correlation indicated a significant
correlationat24 hand 72 h (p =0.09 at 3 h; p < 0.01 at

A 0 Gy

ISEL

CD31

24 h; p<0.01 at 72 h).

In Figure 6, correlations between the acute
tumour vascular response and acute tumour response
(cell death) are presented. Figure 6A and 6B exhibit
correlations between the relative VI and the AMBF
with a linear regression fit, respectively. An R? of
0.4-0.5 was noted in the linear regression analysis.
Spearman correlation indicates a significant
correlation at 3h and 24 h (p = 0.04 at 3 h; p = 0.01 at
24 h; p = 0.09 at 72 h). In Figure 6B, presented are first
order correlations between CD31 and ISEL stained
quantified results. Spearman correlation indicated a
significant correlation at 24 h and 72 h (p = 0.06 at 3 h;
p<0.01at24 h; p=0.05at72h).
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Figure 4. (A) Representative images of ISEL (top) and CD31 (bottom) stained tumour cross-sections obtained at 24 h post-treatment. Panel demonstrates qualitative
increases in cell death and decreases in the microvasculature density in treatment when comparing the control and treated conditions. The scale bars denote Imm
and 0.2 mm in ISEL and CD31, respectively. (B) Quantified ISEL stained tumour cross-sections as a gold standard measurement of tumour cell death. We note an
overall increase in cell death in animals treated with the combination treatments. (C) Quantified CD31 stained tumour cross sections, expressed as the MVD. Results
confirm a decrease in vascularity in animals receiving combined therapy. Significance is indicated by * for p < 0.05. All conditions are compared to the control

condition (0 Gy and Nil microbubbles of the corresponding time points).
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Discussion

In this study, longitudinal vascular and tumour
responses to radiation and USMB were investigated
using in vivo ultrasound imaging. The findings here
support the use of ultrasound in radiation studies as a
diagnostic modality (to characterize vascular and
tumour response effects), as well as a therapeutic
modality (to complement radiation effects). We
demonstrated, for the first time, a relationship
between rapid vascular disruption and short-term
tumour cell death, suggesting that acute tumour
damage is a direct product of tumour vascular
shut-down. Good correlative agreement was found
between power Doppler and QUS results, as well as
between CD31 and ISEL staining results (p < 0.05).
Observations indicated that the extent of vascular
response (found with power Doppler and CD31) is
significantly (p < 0.05; Spearman correlation) linked to
acute tumour responses (found with QUS and ISEL).
This validates previous findings that acute tumour
cell death is, at least in part, regulated by vascular
disruption (5). In addition, findings reinforce that
microbubbles, stimulated with wultrasound and
administered immediately before radiation therapy,
significantly enhance the tumour response, and that
this enhanced radio-response is linked to an acute
vascular response occurring within hours after
treatment administration.

To date, substantive evidence suggests that
tumour blood vessels act to regulate tumour
responses to radiotherapy (5, 8, 9, 58-61), challenging
the canonical notion that this response is primarily
dependent on an inherent radiosensitivity of
clonogenic tumour cancer cells. In 2003, Folkman and
Camphausen (3) speculated on the question: “What
does radiotherapy do to endothelial cells?”
Concurrently, researchers were prompted to query
radiation-induced effects on endothelial cells, and
whether vascular dysfunction could be targeted to
regulate tumour response to radiation therapy at high
doses. It was suggested that if the microvasculature is
the primary target of radiation in the intestine, as
posited earlier by Paris and colleagues (62), and if
damage to epithelial stem cell is a secondary event,
then such a relationship may hold even in tumours
where endothelial cells also support surrounding
tumour cells. Reports of differing tumour
radiosensitivities in vivo and in wvitro could be
explained by the presence of host-derived supporting
cells (i.e., endothelial cells). One could also take
advantage of increased tumour endothelial cell
radiosensitivity (compared to normal endothelial
cells) to better target tumours (63). In 2003,
Garcia-Barros et al. (5) published results supporting

high-dose (>8-10 Gy and up to 22 Gy) radiation
primarily targeting endothelial cells as regulators of
tumour response to radiotherapy. A series of
publications by various groups have since repeatedly
confirmed these findings and advanced our
knowledge of endothelial cell radiobiology,
particularly at high radiation doses (6,18,64,65).

The resulting question from this body of work is:
are tumour responses to radiation regulated by the
inherent radiosensitivity of the tumour cells or by the
host derived stroma? Our study, here, using in vivo
imaging, supports the idea that tumour responses in
the form of rapid cell death are directly linked to acute
vascular disruption. Methods presented here establish
a foundation for future investigations in
understanding this complex relationship
longitudinally (over longer times), as a function of
baseline imaging biomarkers, and as a function of
treatment response. Recognizing that the role of blood
vessels in regulating tumour response to radiation
response is likely complicated, a paradigm shift is
underway, which gives a more prominent role to the
tumour stroma and the endothelium component in
radiation planning and delivery. While various newly
developed vascular targeting agents have been
demonstrated to act synergistically with radiation
therapy to target tumour blood vessels, in this work,
we use mechano-acoustic targeting of tumour blood
vessels to study the relationship between acute
tumour vascular disruption and tumour cell death
(18).

The mechano-acoustic therapeutic strategy
described here, which utilizes USMB, embodies a
paradigm shift in radiation-based tumour targeting.
The methodology proposed enhances radiation effects
above and beyond currently existing agents that
target tumour vasculature alone; massive cell death
that is triggered by ultrasound-microbubbles
surpasses  transient  hypoxia ~ with  subtle
radiobiological effects, resulting in complete tumour
destruction and inevitable cell death. Several
published studies have investigated the mechanism of
USMB-based radiosensitization, suggesting it is
related to ceramide transduction following
endothelial membrane stimulation (12,18,66). More
specifically, the working mechanistic model is that
while high doses (> 8 Gy) of radiation activate
sufficient quantities of ceramide to induce endothelial
cell death, radiation doses lower than 2-6 Gy do not
release enough ceramide to activate
ceramide-induced cell death(3,8). Similarly, while
ceramide is released following USMB treatments, the
amount is not sufficient to activate rapid and
extensive cell death for vascular shut-down when
used alone(11,12,30). In contrast, combining radiation
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(low or high dose) with USMB releases enough
ceramide to pass a threshold that results in extensive
tumour endothelial cell death and vascular
shut-down, even at 2 Gy. In this mechanism, the
radiation effect is converted from tumour-cell DNA
damage alone, to additional vessel destruction and
tumour apoptosis and necrosis. The concern that such
vessel destruction may inhibit further radiotherapy is
obviated by the complete cell death detected
histologically (anoxic or ischemic-like) and the
superior cure rates seen experimentally. In this type of
ultrasound treatment, microbubbles are administered
intravenously and act on blood vessel endothelial
cells only. Tumour selectivity and a therapeutic ratio
is obtained by focusing the ultrasound beam only on
the tumour. Thus, the development of a new and
more potent body of high-dose radiobiology
incorporating stromal effects and other cell death
pathways (i.e., via the membrane and ceramide), as
well as mechanical radiosensitizers, is on the horizon
(64). To that end, all USMB exposures in this work
used treatment parameters, timing and set-ups that
have previously been demonstrated to yield
radiosensitization effects. However, there may be
additional parameters and conditions that could be
more optimal and efficient at delivering USMB
treatment with radiation. These should be the topic of
future research.

This work contributes to this evidence directly
by presenting in vivo imaging results indicating that
tumour cell death is directly linked to acute vascular
disruption. These results demonstrated that USMB
treatment administered alone had minimal acute
effects on tumour vasculature and tumour cell death.
Tumours treated with radiation only resulted in a
small, but dose-dependent VI decrease. Treatments
with 2 Gy alone caused a non-significant, but rapid
vascular shutdown, which was sustained for up to 72
h. A similar response was not observed in
CD31-stained tumour cross sections, indicating that
the response was predominantly reflected in larger
vessels detectable with power Doppler ultrasound.
Single 8 Gy doses caused a substantial decrease in
tumour vasculature in both CD31 staining and power
Doppler results. This was in agreement with previous
findings (7). Average decreases of up to ~ 25% were
noted by 3 h after treatment and remained as such for
24 h. However, by 72 h, results suggest a potential
re-vascularization/re-perfusion effect reminiscent of
previously reported tissue reperfusions (‘vascular
rebounds’) following anti-vascular treatments (67,68).
Similarly, the QUS MBF-parameter increased with VI
decrease. Indeed, the effect was inversely
proportional to the power Doppler VI parameter,
suggesting that a greater vascular disruption will

result in acute tumour response (cell death).

Tumours receiving combined USMB and
radiation treatments resulted in the greatest vascular
and tumour response at all three time points
following treatment delivery. Flow signals in power
Doppler volumetric images decreased within 3 h after
initiation of treatment in animals receiving any
possible permutation of combined radiation and
microbubble doses. Microbubble-based enhancement
of radiation therapy appeared to be the most effective
when combined with 8 Gy doses of radiation. Here,
the VI decreased by up to 50% at 3 h following
treatment for both high and low microbubble doses.
Vascular disruption was sustained at the 50% level for
up to 72 h. Similarly, the QUS-MBF parameter
significantly increased by 3 h (by ~2-4 dB), matching
the 24 h response of 8 Gy treatments delivered alone.
Results suggest that the vascular effect is intense,
causing a detectable tumour response and tumour cell
death almost simultaneously, reminiscent of
ischemic-like conditions where tissue viability is
compromised within seconds of blocked oxygen
delivery. These results illustrate the potential of
USMB therapies to improve radiation-based vascular
targeting strategies, and the need for in vivo vascular
imaging to provide evidence for vascular effect
considerations during cancer treatment planning and
administration.

Quantified ISEL-based cell death in tumour cross
sections demonstrated the regulating role of
vasculature in tumour response to radiation therapy.
These results indicated general increases in cell death
as a function of increasing radiation doses augmented
with microbubble therapy, as previously reported
(12,15,19,52). Here, an overall increase in cell death
was observed in the combined treatment conditions
when compared to radiation alone. These
observations were made at both 24 h and 72 h.
However, minimal effects were observed at 3 h after
treatment, suggesting that vascular effects may take
up to 24 h to manifest into cell death.
Immunohistochemical staining was used primarily as
gold standard to confirm ultrasound results, where
ISEL results were correlated to the QUS MBF
parameter and CD31 results were correlated with the
power Doppler VI result. The percent cell death
quantified from ISEL results and the QUS MBF
parameter had a proportional relationship and were
in good correlative agreement at the 24 h and 72 h
times. Similarly, we noted a good correlative
agreement and proportionality between the power
Doppler VI and the CD31-based MVD at 24 h and 72
h. The relationship between the vascular and tumour
responses was also investigated. A qualitative direct
link was first noted between the observed vascular
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response and tumour cell death. We noted (Figure 6)
that when radiation was delivered alone, or in
combination with microbubbles, a weak (R2 = 0.4-0.5),
inversely proportional linear relationship was present
between the AMBF and the relative VI. We also
observed an inversely proportional linear relationship
between CD31 and ISEL results, with an R? of 0.5-0.8
at the 24 h and 72 h time points. Finally, we found
small correlations between ISEL and AMBF at 3 h
(Figure 5B; R? of 0.6); this is much weaker than
correlations found between the same parameters at 24
h and 72 h (up to R2of 0.9). At 3 h, it is unlikely that
biological apoptotic cell death, detectable with ISEL,
has occurred. Thus, ISEL quantification should be
minimal, while structural changes in the tissue may
have already occurred following extreme treatments -
hence, the correlation is the weakest of the three in
Figure 5B. The ISEL values may instead be related to
pre-existing tumour cell death at baseline or other
forms of rapid/acute cell death, which, while very
small, results in a small correlation (R2 = 0.6). This
may also explain the effect observed in Figure 6B,
where ISEL is correlated to MVD, where an acute
decrease in vasculature is observed, but not cell death.
Overall, the effects may be more complex (especially
at 3 h) and future studies should include baseline
histopathology and other confirmatory in vivo
pre-clinical imaging. Taken together, observations
made here suggest that blood vessels play a key role
in regulating the tumour microenvironment, as
previously reported (69). More importantly,
longitudinal imaging methodology to characterize
response of different tumour components (i.e. tumour
cell death vs. tumour perfusion) simultaneously and
study their relationship could be used beyond the
specific USMB and XRT treatments used here. These
could be utilized as multi-parametric methods to
optimize other combinatory treatment regimens
(increasingly common in cancer therapy) to optimize
timing and dosing effects, or to identify
multi-parametric imaging biomarkers.

Whereas the results from the experiments
presented here demonstrate the effects of the USMB
treatments in conjunction with single doses of
radiation, uncertainties remain with respect to the
mechanisms underlying enhanced tumour responses.
The results here confirm that high radiation doses
invoke rapid vascular shutdown and rapid cell death,
likely linked to anoxia-based effects. However, effects
at low radiation doses combined with the USMB are
likely linked to other radiation or microbubble-based
tumour damage. Our results contribute to the
growing body of literature validating the efficacy of
QUS techniques for treatment monitoring in

preclinical and clinical applications (26,53,70,71).
However, future studies should aim to quantify
RF-based biomarkers using more robust parameters
such as the effective scatterer size and concentration,
which have been demonstrated to be more closely
related to principle physical properties of the tissue
being imaged. Furthermore, the calculations of these
parameters include attenuation correction methods to
compensate for errors arising from tissue signal
attenuation (44, 48, 72).

Ultrasound is a relatively inexpensive and
accessible medical imaging modality compared to
other imaging technologies proposed for cancer
treatment monitoring such as positron emission
tomography (PET), single-photon emission computed
tomography (SPECT), and magnetic resonance
imaging (MRI) (70,73). We have demonstrated the
value of quantitative ultrasound imaging as a tool for
pre-clinical and clinical characterization of multiple
biomarkers associated with cancer tissue responses to
treatment. Most importantly, our findings lay the
groundwork for future investigations of the
mechanism of tumour and tumour vascular response
in the context of different single or combined cancer
treatment regimens. These results support the
ongoing paradigm shift towards vascular-based
regulation of tumour response to cancer therapies (in
particular radiation therapy), and, more significantly,
present a foundational case for the use of ultrasound
microbubbles as vasculature radiosensitizers to
enhance radiotherapy. Finally, our results indicated a
proportional relationship between acute tumour cell
death and radiation-induced vascular effects using in
vivo longitudinal imaging. These results are a
stepping-stone towards developing more accurate
theoretical models of radiation effects on tumour
tissue that incorporate vascular effects, and validate
ultrasound as a theranostic tool in radiation oncology.
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