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Abstract

Cancer is one of the leading causes of death worldwide. Several emerging technologies are helping to battle cancer. Can-
cer therapies have been effective at killing cancer cells, but a large portion of patients still die to this disease every year.
As such, more aggressive treatments of primary cancers are employed and have been shown to be capable of saving a
greater number of lives. Recent research advances the field of cancer therapy by employing the use of physical methods to
alter tumor biology. It uses microbubbles to enhance radiation effect by damaging tumor vasculature followed by tumor
cell death. The technique can specifically target tumor volumes by conforming ultrasound fields capable of microbubbles
stimulation and localizing it to avoid vascular damage in surrounding tissues. Thus, this new application of ultrasound-
stimulated microbubbles (USMB) can be utilized as a novel approach to cancer therapy by inducing vascular disruption
resulting in tumor cell death. Using USMB alongside radiation has showed to augment the anti-vascular effect of radi-
ation, resulting in enhanced tumor response. Recent work with nanobubbles has shown vascular permeation into intra-
cellular space, extending the use of this new treatment method to potentially further improve the therapeutic effect of the
ultrasound-based therapy. The significant enhancement of localized tumor cell kill means that radiation-based treatments
can be made more potent with lower doses of radiation. This technique can manifest a greater impact on radiation oncol-
ogy practice by increasing treatment effectiveness significantly while reducing normal tissue toxicity. This review article
summarizes the past and recent advances in USMB enhancement of radiation treatments. The review mainly focuses on
preclinical findings but also highlights some clinical findings that use USMB as a therapeutic modality in cancer therapy.
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Radiation-induced vascular effects

At present, radiation is used as one of the common forms
of cancer treatment. It has been well established that radia-
tion act primarily by inducing DNA damage, subsequently
causing cancer cell death [1–3]. Some studies, on the other
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hand, suggest vascular destruction as a prime cause of
radiation-induced tumor cell death [4–6]. Single large doses
of radiation have a profound effect in damaging endothelial
cells, causing apoptosis, leading to tumor cell death as a sec-
ondary effect [5–8]. In studies conducted by Garcia-Barros
et al. [6] it was suggested that early microvascular endothe-
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lial apoptosis is an important factor for tumor cure. Although
these results are controversial, the suggested theory is that
the damage caused by ionizing radiation in tumor cells is
not lethal in themselves, but their conversion to lethality is
connected to endothelial cell function and the tumor vascu-
lature. Their data suggested that exposures to single doses of
radiation (>8–10 Gy) result in endothelial cell death in a
ceramide-dependent manner. Alternatively, fractionated
radiation (1.8–3 Gy/fraction) yields effects primarily through
tumor cell DNA damage [9,10]. Ceramide is a lipid molecule
that is associated with the induction of apoptotic signaling
cascade and has been shown to play a role in the activation
of the endothelial cell death in response to high dose expo-
sures [5,6,11,12].

Recent studies have highlighted the important role of the
vasculature on tumor responses to radiation therapy (XRT)
[13–16]. It has been demonstrated that ceramide and its
downstream metabolite, sphingosine-1 phosphate (S1P) are
important in affecting vascular responses to XRT impacting
tumor control [17–20]. Recent work has showed that the use
of ultrasound-stimulated microbubbles (USMB) can syner-
gize with XRT to induce vascular destruction, in a
ceramide-S1P dependent manner [21,22]. This research is
consistent with the hypothesis that effective perturbation of
endothelial cells leads to microvascular destruction, that
can enhance radiation effects [22,23]. Recent studies have
revealed that ultrasound and microbubbles-mediated
mechanical perturbation of endothelial cells can amplify
the effectiveness of radiation significantly. USMB enhance-
ment of radiation response has been documented in several
in vitro [24–26] and in vivo studies using varieties of tumor
models [21,27–30]. This methodology takes the approach of
perturbing the endothelial lining of the vasculature with
highly effective biophysical ultrasound/microbubbles-medi
ated perturbations instead of anti-angiogenic or pharmaco-
logical agents, which have mostly angiostatic effects with
limited clinical success and impact.

In recent work, scientists from Thomas Jefferson Univer-
sity have undertaken pre-clinical and clinical work with
trans-arterial radioembolization (TARE) in patients leading
to improved cancer care results [31–33]. Results are
reviewed fully elsewhere [34–36].

Ultrasound-stimulated microbubbles (USMB)

Microbubbles are gas-filled spheres that range between
0.5-10 mm in size and are usually composed of air or a per-
fluorocarbon, stabilized by a thin shell of biocompatible
material, composed of proteins or lipids [37–40]. Currently,
several agents are approved by the Food and Drug Adminis-
tration (FDA) for clinical use including Albunex, Definity,
Echovist, Imagent, Levovist, Optison, SonoVue, Sonozoid
(reviewed in [41]). In this review, most of the studies utiliz-
ing Definity microbubbles are discussed. Definity microbub-
bles (Lantheus Medical, USA), are filled with
perfluoropropane stabilized within a lipid shell. It has been
primarily utilized as an ultrasound contrast agent in multiple
fields including echocardiography in adult and pediatrics,
liver ultrasound imaging, abdominal interventions and, more
[42–47]. When exposed to ultrasound of specific frequencies
and power, microbubbles respond by rapidly expanding and
contracting by the effect of a process known as cavitation.
There are two types of cavitation; stable cavitation and iner-
tial cavitation. The state of cavitation is highly dependent on
several properties of the ultrasound waves, including; fre-
quency, power, duty cycle, mechanical index, and ultra-
sound exposure, as well as the microbubbles composition
and environmental conditions [48–51]. In a state of stable
cavitation, microbubbles exposed to low-power and mechan-
ical index ultrasound fields undergo a stable oscillating pat-
tern that causes the bubble to expand and compress in
response to the pressure applied by the ultrasound field. This
can cause pushing and pulling forces on the surrounding
environment that can lead to microstreaming; a phenomenon
in which the change in microbubble diameter generates
forces upon the surrounding fluid environment, leading to
non-linear fluid dynamics that can interact with the sur-
rounding environment [52–55]. Increasing the ultrasound
power at a high mechanical index results in microbubbles
undergoing a less uniform expansion and compression pat-
tern known as inertial cavitation. This unstable form of cav-
itation can lead to microbubbles collapse, resulting in
secondary phenomena such as the generation of shock waves
or microjets into the surrounding environment. Often, these
effects can generate great amounts of force to surrounding
endothelial cells, causing large perforations in the plasma
membrane or widening the gaps between cells [56–59].
The ability of ultrasound to elicit bioeffects is found to be
dependent on the behavior of microbubbles at different
acoustic pressures. The selection of ultrasound parameters,
duty cycle, and microbubbles concentration seems to play
a key role in enhancing the tumor effect. Fan et al. con-
ducted an in vitro study to explore the behavior and effect
of low and high ultrasound pressure on cell viability using
human umbilical vein endothelial cells (HUVECs). They
found the cells exposed to parameters comprising acoustic
pressure (0.06 MPa, duty cycle of 20%, pulse repetition fre-
quency of 20 Hz, and 10 ms) resulted in no microbubbles
disruption, causing the cells to remain intact. On the other
hand, using higher pressure of 0.43 MPa, 20% duty cycle,
20 Hz pulse repetition frequency, and 1 s total duration
caused bubbles coalescing, resulting in greater cell damage
[60]. Similarly, He et al. conducted an in vivo study using
VX2 tumor inoculated in rabbits to explore the effect of
varying ultrasound peak negative acoustic pressure (1.0,
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2.0, 3.0, 4.0, or 5.0 MPa). Their results showed a gradual
statistical decrease in the tumor blood flow with an increase
in acoustic pressure of 2.0, 3.0, 4.0, and 5.0 MPa. Addition-
ally, greater tumor cell death and vessel damage were
reported at a higher pressure of 4.0, and 5.0 MPa. They
found the optimal acoustic pressure to be 4.0 MPa, at which
a significant anti-tumor effect was observed, with no damage
seen around the surrounding tissue [61]. Several other stud-
ies have also looked at the effect of different ultrasound pres-
sure [62–66]. The effect of different microbubble
concentrations on tumor vascular response has also been
explored. It was found that increasing the microbubble con-
centrations (from 1% to 3%) with an increase in ultrasound
pressure can significantly enhance tumor response by caus-
ing vascular collapse, followed by tumor cell death. This
effect has been documented in various in vivo tumor types
[21,22,27]. Collectively, these studies strongly suggest that
the acoustic cavitation that occurs upon high ultrasound
pressure causes microbubbles disruption, enhancing the
tumor effect. Another proposed mechanism for greater tumor
response following high-intensity focused ultrasound
(HIFU) is the mechanical disruption caused to the tumor tis-
sue using repeated short-duration pulses with low-duty
cycles [67]. Together, all these abovementioned findings
provide strong evidence that the permutations of ultrasound
pressure and microbubble concentrations might be an essen-
tial factor to consider while treating tumors.

Non-invasive monitoring of treatment response

The use of USMB therapy is an effective way of inducing
vascular damage that leads to tumor cell death. Working
in vitro (HUVEC) and in vivo (general schematic) models
of USMB enhancement are presented in Figs. 2 and 3
[21]. In this mechanism, radiation-induced DNA damages
encompass both tumor-cell DNA damage and vessel destruc-
tion, rather than tumor cell on its own, and subsequent tumor
apoptosis and necrosis [68,69]. The massive ischemic event
triggered by the USMB approach goes beyond a traditional
hypoxia-driven mechanism and takes it a step further to sug-
gest that, in fact, it is anoxia that results in cell death. While
it is known that hypoxia can attenuate the effects of
radiation-induced DNA damage, histological evidence has
highlighted that complete cell death as a result of anoxic
conditions results in a superior response observed experi-
mentally. Thus, the central rationale behind the approach
posits that anoxic conditions leading to cell death do not
require therapeutic doses of radiation as massive and com-
plete destruction are already induced, whereas areas with
partially functioning vasculature can supply oxygen to tumor
cells, making radiation more effective in the oxygen-rich
environments [16,70,71]. Endothelial cells exposed to
USMB and radiation experience microbubbles-induced
membrane damage that can enhance radiation responses (re-
lated to acid sphingomyelinase (ASMase)-dependent cera-
mide increases as described in [26] and follow-on
publications). This microbubbles-induced membrane dam-
age explains the synergistic physiological effects of USMB
and radiation on blood vessel acoustical stimulation, which
is not seen in in vitro experiments.

Tumor selectivity is also achieved with this method, with
the ability to focus the ultrasound beam on the tumor vol-
umes while leaving the surrounding tissues unaffected. Mod-
ern ultrasound technologies permit acoustic fields to be
focused down as small as 1 mm spatial precision and spot
size and can be delivered alone or using magnetic resonance
imaging (MRI) guidance for clinical treatments, thus avoid-
ing normal tissue toxicity [72–74]. This allows focused
ultrasound (FUS) to be a flexible modality in targeting speci-
fic volumes for therapeutic uses. Because of the inert nature
of microbubbles when not under the influence of an ultra-
sound field, areas exposed to microbubbles without ultra-
sound have negligible cytotoxicity, as observed in several
published animal experiments and further supported by the
safe use of them in diagnostic imaging [38,75–77]. Thus,
the ultrasound effects are localized only in the treated area.
Experiments using higher power, high-intensity FUS has
showed precise tissue heating of 80–90 �C only seen in
the focal spot of the ultrasound beam, with a penumbra of
micrometers. No effects were seen in intervening tissues
[78]. The same principles apply with the lower powers used
for USMB treatments.
USMB enhanced radiation effect

The first in vivo experiments involving radiation and
microbubbles treatments demonstrated a synergistic physio-
logical effect dependent on blood vessel interaction with
acoustically stimulated microbubbles. Cell death was
assessed 24 h after treatment that indicated an increase from
5% cell death with 2 Gy of radiation alone to nearly 50%
when USMB treatment was administered before 2 Gy radia-
tion exposure ([21], Fig. 1A&B). The pattern of central
effect (regions of apoptotic and necrotic cell death) and
viable rim in tumors resulting from single treatments was
suggestive of an effect similar to that of chemical vascular
disrupting agents. Furthermore, multiple treatments consist-
ing of combined USMB and radiation fractions resulted in
tumor regression ([21], Fig. 1A&B). Survival experiments
(Fig. 1B) suggested that the combination of USMB and radi-
ation was capable of elevating the impact of a non-curative
dose of radiation into one with more effect than a curative
dose of radiation. Survival of animals bearing PC3 tumors



Figure 1. Treatment response evaluation in PC3 tumor xenografts following ultrasound-stimulated microbubbles (USMB) and radiation.
(A) Assessments of cell death; left panels depict hematoxylin and eosin (H&E) staining, right panels depict in situ end labeling (ISEL)
staining. First row displays nil, no microbubbles, the middle row displays LMB (low microbubble concentration), bottom row displays high
microbubble concentration (HMB). The scale bar represents 2 mm. (B) Kaplan-Meier survival curves of mice exposed to multiple fraction
treatments. Treatment included 2 Gy fractions (24 Gy in 12 fractions over 3 week) [BED (10) = 28.8], 2 Gy fractions with two USMB
treatments weekly, 3 Gy fractions (45 Gy in 15 fractions over 3 week) [BED (10) = 58.5], and USMB treatments weekly (twice weekly for
3 week). (C) Representative higher-magnification images of ISEL–stained PC3 tumor cross-sections. Top row displays tumors treated with
sphingosine-1-phosphate (S1P) without the presence of USMB. Middle row displays tumors treated with USMB and radiation in the
absence of S1P. Last row displays tumors treated with USMB and radiation in the presence of S1P. Increase in ISEL staining can be seen in
the middle row without S1P while presence of S1P diminished the cell death (bottom). The scale bar represents 50 microns. (D)
Representative results of power Doppler signal in volumetric images for various treatment conditions assessed at 24 h. Group includes no
treatment, microbubbles alone, 8 Gy radiation alone, and USMB and 8 Gy radiation (these are depicted from left to right). The scale bar
represents 5 mm. From [21].
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was superior when treated with USMB and 24 Gy of radia-
tion, a non-curative dose of radiation [biological effective
dose (BED10 = 28.8 Gy)] as compared to animals exposed
to radiation alone, more effective than a curative dose of
radiation (BED10 = 58.5 Gy) [21]. In addition, evidence of
a viable rim often seen in treatments with chemical anti-
angiogenic agents was not observed in these combined
USMB and radiation treatments. Instead, vasculature



Figure 2. Schematic representation for ultrasound microbubble treatments and its stimulation in radiation enhancement effects. (A)
Microbubbles are injected intravenously into the tumor tissue (T) that moves through the vasculature, including capillaries. (B) Ultrasound
(U) is applied to initiate cavitation that causes vibration and collapse of gas-filled bubbles into tiny fragments by the ultrasound beam. (C)
Bubble cavitation results in endothelial vascular perturbation. (D) Tumors exposed to radiation therapy (X) after USMB treatments result in
significant cell death within 24 h after treatment administration. From [21].

D. Sharma et al. / Z Med Phys 33 (2023) 407–426 411
disruption and vascular collapse were observed within the
tumor due to endothelial cell death followed by subsequent
tumor cell death [21,27,30] (reviewed in [34,35,79]). Further
experiments looking at fractionated XRT combined with
USMB in mice and rabbits have expanded upon our initial
results, confirming enhanced cell death and superior animal
survival when USMB treatments were combined with single
radiation treatments or fractionated XRT, magnifying
induced cell death (described further below) [80,81].

The synergistic effect between USMB and radiation has
been previously demonstrated to arise from mechanical dam-
age inflicted upon endothelial cells via microbubbles cavita-
tion when stimulated by an ultrasound field [21]. This
USMB-induced mechanical damage activates the ASMase-
ceramide pathway that plays an important role in facilitating
membrane-damage-responses. Membrane perforations gen-
erated by USMB result in ASMase-dependent increases in
ceramide, which activate endothelial cell death when com-
bined with low (2 Gy) doses of radiation. The radio-
enhancing effect conveyed by microbubbles can be inhibited
by manipulating the ASMase pathway genetically or chem-
ically and has been observed in vitro and in vivo in tumor
models [21,22]. This highlights the importance of ASMase
in facilitating USMB-based effects. Mechanistic schematics
are provided in Figs. 2 and 3. To monitor alterations in
tumor vasculature non-invasively, effects on blood flow
were investigated using Doppler ultrasound and other
modalities [21,22]. A recent experimental study conducted
with ultrafine bubbles (nanobubbles) combined with ultra-
sound, indicated greater radio-enhancement effects com-
pared to that with microbubbles [82].

Recent work has scaled up this methodology to be appli-
cable for treatment systems that can be used in clinical set-
tings alongside ultrasound-imaging guidance, and
independently with MRI-guidance, for large animal tumor
models and first-in-human cancer patient treatments
[80,83,84].

Large animal experiments with USMB and
XRT

Though previous works have primarily utilized smaller
rodent models for experiments, recent work has expanded
experiments to larger tumor models in rabbits [80]. New
Zealand white rabbits bearing prostate tumor (PC3) xeno-
grafts were treated with USMB alone, ionizing radiation
(XRT; 8 Gy), or a combination of both treatments
(USMB + XRT). Treatment responses were assessed at
24 h utilizing immunohistopathology, 3D- power Doppler
ultrasound, and photoacoustic imaging. A second cohort of
rabbits was treated with a fractionated radiation treatment
regimen of 2 Gy doses delivered daily over three weeks.
A subset of these rabbits underwent USMB treatments that
were delivered twice weekly alongside daily XRT treat-
ments. Tumors receiving combined treatments showed a sig-
nificant decrease in vascular structure, as indicated by the
lack of CD31 staining and visible vascular architecture com-
pared to control and single treatment groups. In conjunction
with this, there was an increase in cell death (in situ end-
labeling (ISEL)), a decrease in a vascular index (power Dop-
pler imaging), and oxygen saturation (photoacoustic imag-
ing). For long-term fractionated combined treatment in
rabbits, there was a significant growth delay after one week,
and a significant tumor size reduction after three weeks with
the combined treatments (Figs. 4–6). Results demonstrated
superior anti-tumor effect when USMB and XRT were com-
bined compared to the single modality treatments [80].

In an additional study using MRI-guided FUS
(MRgFUS), New Zealand White rabbits were used to host
PC-3 xenografts on the hind legs [83]. USMB treatment



Figure 3. Schematic model depicting apoptotic signaling pathways
in HUVEC cells in response to combined USMB radiation
treatments. Hydrolysis of sphingomyelin catalyzed by the enzyme
sphingomyelinase (sphingomyelin phosphodiesterase 1 (SMPD1)
and (sphingomyelin phosphodiesterase 2 (SMPD2)) results in
ceramide production. The increased intracellular ceramide stimu-
lates the release of mitochondrial cytochrome c promoting activa-
tion of procaspase 9 by inducing nucleotide binding to Apaf-1.
Alternatively, De novo-synthesized ceramide is converted to
galactosylceramide by UGT8 (UDP Glycosyltransferase 8). Galac-
tosylceramide activates the iNKT cells which secrete perforin that
assembles at the cell plasma membrane, allowing granzyme B to
cause activation of the apoptotic cascade. From [25].
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consisted of a bolus injection of microbubbles (Definity),
followed by sonication for 14 min using an MRgFUS system
(Sonalleve, Profound Medical). Sonication was focused on a
10–20 mm in diameter circular planning target volume.
Tumor localization was dependent on the size of the tumors,
and of T1 and T2-weighed MRI scans on a 3T system
(Achieva, Philips Healthcare). Radiation treatments con-
sisted of whole tumor exposure to an 8 Gy dose of radiation
either alone or in combination with USMB treatment. Radi-
ation was delivered immediately after USMB exposure.
After 24 h post-therapy, immunohistochemistry analysis
observing tumor morphology (hematoxylin and eosin;
H&E) and cell death (terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL)) was conducted. Positive
TUNEL staining corroborated the cell destruction response
areas on respective H&E stains. Combined treatments
(17.9% ± 5.7%) showed greater areas of cell death which
were more diffuse across the tumor compared to XRT- only
(7.6% ± 3.8%) or USMB-only (5.7% ± 2.5%) treatments
indicating a radiation enhancement effect using USMB ther-
apy in large tumor models [83].

USMB and XRT effects on cell membrane

It has now been well established that damage to the
endothelial cell membrane causes secondary tumor cell
death [85]. A recent study supports the involvement of cell
membrane-metabolism-related pathways, including an up-
regulation of UDP glycosyltransferase 8 (UGT8) in the
apoptotic signaling cascade [86]. UGT8 is known to catalyze
the transfer of galactose to ceramide, a lipid molecule that
promotes apoptosis. The study examined the role of UGT8
in the response of prostate tumors to USMB radiation
enhancement therapy. Experiments were conducted with
UGT8 levels up-regulated or down-regulated in both
in vitro and in vivo. In the latter, xenograft tumors generated
from stably transfected PC3 cells were treated with USMB,
XRT, or USMB + XRT. Greater cellular damage was seen in
tumors with down-regulated UGT8 in comparison with con-
trol tumors. In contrast, tumors with upregulated UGT8 had
lesser damage than control tumors. Power Doppler and pho-
toacoustic imaging showed a reduction in the vascular index
and oxygen saturation, respectively, with UGT8 down-
regulation. The down-regulation of UGT8 corresponded
with an increase in ceramide accumulation leading to more
cell death, which resulted in a greater enhancement of radi-
ation effect as a result of USMB-mediated vascular disrup-
tion [86] (Fig. 7).

Involvement of ceramide pathway in vitro

Understanding the molecular mechanisms in which
USMB interacts with endothelial cells is crucial to better
characterize and optimize treatments. Investigations involv-
ing HUVEC were conducted to observe the effects of USMB
only, XRT only, or combination treatment (USMB + XRT)
[26]. The effects of treatment on cells were evaluated at 0,
3, 6, and 24 h after treatment. Treatments were delivered
alongside sphingolipid-based signaling modulators, includ-
ing ceramide, fumonisin-B1, monensin, and S1P. Treatment
responses were assessed using immunohistopathology,
clonogenic survival methods, immunofluorescence, electron
microscopy, and endothelial cell tube-forming assays (the
assay measures the ability of endothelial cells to form
capillary-like structures (tubes). The results showed that



Figure 4. (A) Volumetric 3D power Doppler and (B) photoacoustic post-treatment images of PC3 xenograft tumors in vivo 24 h after
treatments. For power Doppler imaging, colored overlays indicate 0–40 dB. For photoacoustic imaging, the blue and red color bar
represents a relative ratio of oxy- and deoxyhemoglobin levels, respectively. The scale bar represents 4 mm. Treatment conditions included
untreated controls, 1% (v/v) microbubble and focused ultrasound exposure (USMB), (XRT, 8 Gy), and combined treatments (USMB +
XRT). (C) Percent change in vascular index depicting diminishment in blood flow following combined treatment compared to control
groups. (D) Percent change in oxygen saturation showing oxygen saturation reduction in combined treated group comparing control groups.
Error bars represent the standard error of the mean (SEM) [80].
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there was a lower number of surviving cells in the USMB
+ XRT combined treatment group than in either of the
USMB or XRT treatments alone. In S1P-only treated
endothelial cells, USMB + XRT treatments reduced the
capacity to form tubes. However, the combined treatments
did not affect tube- formation when treated with either the
fumonisin B1- or monensin. In summary, these results sug-
gest the role of ceramide signaling as a key player in cell
death initiation following USMB + XRT treatments [26].
In vitro radiosensitization effect of USMB

Several studies, primarily in vitro, have recently been
conducted in investigating the effect of USMB and radiation
on various tumor cell types including metastatic follicular
thyroid carcinoma cells (FTC-238), non-small cell lung
carcinoma cells (NCI-H727) with kV and MV energies
[75], esophageal squamous cell carcinoma cell lines
(KYSE-410, KYSE-1140, KYSE-510) [60,61,87], and ovar-
ian cancer [88]. In these studies, a significant increase in
tumor cell death was observed with the combination of
USMB treatments alongside XRT compared to either modal-
ity alone. Additionally, work conducted by Deng et al. with
nasopharyngeal carcinoma cells (CNE-2) corroborated a
similar effect in an in vivo and in vitro studies. The vascular
integrity in nude mice xenograft models hosting CNE-2
tumors was observed using color Doppler flow imaging, fol-
lowed by immunohistochemistry analysis of cell survival.
Tumors exposed to USMB mildly reduced blood flow and
CD34 expression, with increased tumor cell death, and also
had notable effects on angiogenic marker expression. All of
this evidence corroborates the enhancing effect that USMB
has when applied alongside radiation [89].



Figure 5. Treatment evaluation for multiple fraction experiments.
Kaplan-Meier survival data for multiple fraction treatments,
including 1% (v/v) microbubble and focused ultrasound exposure
(USMB), multi-fraction radiation (XRT), and combined treatments
(USMB + XRT). Animals with untreated tumors or control groups
were also included. Animals received USMB treatments twice
weekly, and XRT administration in a radiation-only group or
combined treatment groups were delivered in five fractions/week at
2 Gy each over 3 weeks (BED10 = 30 Gy). The statistical test
revealed a drop of zero in the mean survival after one week for the
control group and USMB treatments, whereas 19% diminishment
for the XRT group by the end of the third week. A drop of 88% was
observed in the combined treatment group after the first week,
which persisted for all subsequent weeks. The mean survival
changes in the combined group were statistically significant
compared to other groups. From [80].

Figure 6. Fibrosis: (A) and (B) Representative low and high magnific
PC3 xenograft, respectively. Treatments condition included ultrasoun
(XRT), and combined (USMB + XRT) treatments. Animals were admin
combined treatments, animals were exposed to five fractions/week at 2
were observed by the third week in tumors receiving combined treatme
50 lm for high-magnification images. From [80].
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Involvement of ceramide pathway in vivo

Past works have extensively investigated the role of the
ceramide signaling pathway and other signaling molecules
in response to USMB treatments using tumor models
in vivo [81,90]. The use of vascular-altering biological
agents was shown to be capable of enhancing ceramide-
driven anti-vascular response [91]. In another study, tumor
response to USMB and XRT was assessed 24 h after treat-
ment [85]. Immunohistochemical analysis using ISEL and
TUNEL was used to observe levels of cell death. The results
demonstrated increased cell death in tumors after treatment
with USMB + XRT relative to untreated tumors or tumors
treated by XRT alone. Furthermore, several biomarkers were
investigated to evaluate responses of tumor cells and extra-
cellular components including cell proliferation (Ki67), vas-
cular leakage (factor VIII), angiogenesis (CD31), ceramide
formation, angiogenesis (vascular endothelial growth factor
(VEGF)), hypoxia (prolyl hydroxylase domain protein 2
(PHD2)), and DNA damage (cH2AX). Results demonstrated
that treatments with USMB and XRT resulted in reduced
vascularity and an elevation in ceramide production along-
side, increased DNA damage and fewer proliferating tumor
cells. Furthermore, a reduction in tumor oxygenation was
also detected, corroborating the effects of vascular disruption
in altering the tumor microenvironment [85].
ation images of Masson trichrome-stained tumor cross-sections of
d-stimulated microbubbles (USMB; 1%), multi-fraction radiation
istered with USMB treatments twice weekly, and for XRT only and
Gy each over 3 weeks (BED10 = 30 Gy). Increased fibrotic tissues
nt. The scale bar represents 2 mm for low-magnification images and



Figure 7. Tumor sections labeled for Masson trichrome staining. Different colors indicate collagen fibers (blue), cytoplasm and muscles
(red), and nuclei (black). Groups included untreated tumors (control), ultrasound-stimulated microbubbles (USMB; 3%), radiation therapy
(XRT, 8Gy), and combined treatments (USMB + 8Gy). The first and second row displays representative low-magnification images of
trichrome staining. The scale bar represents 1 mm (B) Third and fourth row displays representative high-magnification images of trichrome
staining. The scale bar represents 50 lm. Results from high magnification microscopy images revealed higher fibrotic tissues in down-
regulated tumors compared to up-regulated tumor tissue. From [86].
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Mechano-acoustic activation of the ASMase-
ceramide pathway by USMB

Ceramide is known to be a key component in facilitating
vascular related changes in response to radiation
[22,86,92,93]. Recent experimentation has looked to find
other important components which work in synergy with
ceramide. The ASMase-ceramide pathway in particular has
previously demonstrated a role in USMB-based enhance-
ment of radiation [22]. The mechano-acoustic activation of
the ASMase-ceramide pathway by USMB was evaluated
using genetic and chemical methods. Wild-type and ASMase
knockout (KO) mice were implanted with fibrosarcoma
xenografts (MCA-129). A cohort of wild-type mice received
S1P treatments prior to USMB and XRT. Mice were treated
with varying concentrations of microbubbles (0%, 1%, 3%)
followed by exposure to different radiation doses (2 or 8
Gy). Quantitative 3D Doppler ultrasound and immunohisto-
chemistry was used to evaluate treatment response at base-
line, and at 3, 24, and 72 h after treatment. Results
demonstrated a decrease in tumor perfusion of up to 46%
by 3 h following radiation and USMB, confirming the sig-
nificant effect with USMB and XRT at 24 h (P < .001).
The peak of this effect was observed at 24 h that persisted
for up to 72 h. This was further accompanied by extensive
tumor cell death. In contrast, S1P-treated and ASMase KO
mice for all treatment conditions showed minimal tumor
responses and changes were noted to be statistically non-
significant [22]. The study further confirmed that the
enhanced radiation response results from acute vascular
shutdown that takes place following radiation doses
(<8 Gy) prior to USMB exposure [22] (Fig. 8).

Most studies evaluating the effects of USMB + XRT
have only used single doses of radiation and reveal crucial
information on the effects of single fraction interactions
[21,27,94]. However, few studies have looked at long-term
exposures of fractionated XRT alongside USMB and tried
understanding how the effects scale in a more clinically rel-
evant regimen [80,81]. For this, ASMase KO and wild-type
mice were implanted with MCA-129 tumors on the hind leg
and treated with radiation regimens of 10 Gy/5 Fractions (2
Gy daily for 5 days) or 20 Gy/5 fractions (4 Gy daily for 5



Figure 8. Acid sphingomyelinase (ASMase) and mecho-acoustical effects: Tumor cell death response assessments. Representative low
magnification views of in situ end labeling (ISEL) staining obtained from (A) tumor cross-sections from wild-type (wt) and (B) tumor
cross-sections from sphingosine-1-phosphate (S1P)-treated animals. Mice were treated with ultrasound-stimulated microbubbles (USMB;
low is 1%, and high is 3% volume of total blood volume [v/v]) and radiation. The scale bar indicates 1 mm. Quantitative analysis of cell
death in (C) wt and (D) S1P-treated mice. Statistical analysis tested using one way ANOVA followed by two-sided Tukey’s Honest test
indicated significant increase in cell death in wt mice at 24 and 72 h, while no such increase was observed in animals treated with S1P. P
value presented as* for < 0.05 are depicted in graphs. Comparison was made comparing different treatment groups to the control (0 Gy, 0%
USMB (Nil)). The error bars represent the standard deviation (SD). From [22].
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days) [81]. These radiation treatment regimens were deliv-
ered combined with or without USMB treatment delivered
twice weekly. In addition, another cohort of wild-type mice
was pre-treated with S1P. Immunohistochemical analysis
was used to observe changes in cell death (Caspase-3 and
TUNEL), microvascular density changes (CD31), and cell
proliferation (Ki-67) within tumors, 72 h post-treatment.
Results showed addition of USMB alongside 10 Gy/5 frac-
tions was capable of enhancing cell death and vascular dam-
age effects to a level similarly seen in the wild-type animals
4 Gy daily XRT (20 Gy/5 fractions) alone cohort. S1P
treated mice exhibited a radioresistant phenotype when
exposed to fractionated XRT or USMB treatments alone.
However, when combined with USMB, fractionated XRT
treatments were capable of overcoming the radioresistant
effects of S1P. This was not reflected in the ASMase KO
cohorts, in which the addition of USMB was not capable
of overcoming the radioresistant effect [74,81] (Fig. 9).

USMB and radiation with nanobubbles

Microbubbles have been thoroughly investigated in their
applications. However, these bubble sizes are defined strictly
in the magnitude of microns. Bubbles of smaller diameters
less than 200 nanometers (nm), nanobubbles, have recently
been of interest in being applied therapeutically [95–98].



Fig 8. (continued)
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Studies investigating the radioenhancing effects of
ultrasonically-stimulated nanobubbles have been carried
out [82,99]. Because of their size, these particles are not con-
fined to the vasculature like microbubbles are, and permeate
into tumor interstitia [100,101]. In vivo experiments using
combined ultrasound-stimulated nanobubbles (USNB) and
radiation treatments were conducted on mice bearing human
prostate cancer (PC3) tumors and were compared against
conventional USMB and radiation alone (single 8 Gy frac-
tion, XRT) [82]. Photoacoustic imaging was used to monitor
oxygenation levels and the effects of treatments non-
invasively, followed by histological examination. Compared
to controls, a 20% decrease in oxygenation was observed
using photoacoustic metrics of oxygen saturation in USNB
treated tumors 24 h after treatment. A significant enhance-
ment of treatment effect was observed when using
nanobubbles compared to the effect in microbubbles treated
groups. Treatment with USMB alone and XRT alone resulted
in 7% ± 2% and 9% ± 6% cell death, respectively, whereas
treatment with USNB alone resulted in 20% ± 6% cell death.
Furthermore, the combination of USNB + XRT resulted a
greater cell death effect of 40% ± 5% compared to 15%
± 3% cell death for USMB + XRT [82]. Separate from this
work, other preparatory studies have been conducted to
characterize nanobubbles and their behavior [102–107].

USMB and XRT in human treatments

Clinical trials have recently been conducted to implement
the use of USMB alongside existing clinical treatment
regimen and image guided therapies [108,109,84]. A pilot
first-in-human study is underway using a first generation



Figure 9. Power Doppler analysis of vascular changes in tumors as a result of Acid sphingomyelinase (ASMase) effects. (A) Maximum
intensity projections of power Doppler signals within a 3D volumetric scan of whole tumors undergoing respective treatments. The color
bar represents a range from 11dB (black) to 30dB (orange). Tumors underwent fractionated XRT alone or combined with ultrasound-
stimulated microbubbles (USMB) treatments. Scans were collected 72 h after the final treatment day. (B), (C), and (D) Quantified vascular
index percent change of signal in each treatment condition of wild-type (WT), S1P, and ASMase knockout groups. Error bars represent the
standard error of the mean (SEM). All data underwent statistical analysis by Welch’s t-test, *p < 0.05. Preliminary data from [81].
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Sonalleve device (Philips Healthcare/Profound Medical Sys-
tems) with a target of 20 patients (10 breast cancer and 10
head and neck patients) to be recruited using MRgFUS
[84]. Definity microbubbles were used in this study. Prelim-
inary results in patients with breast cancer have demon-
strated a promising response in lesions targeted by
MRgFUS + XRT treatments (see Figs. 10 and 11) (Table 1)
with follow-up results for one year available. Patients
received doses of radiation ranging from 2000 cGy/5
fractions to 4000 cGy/10 fractions. All patients received 2
treatments of MRg-FUS + MB on days 1 and 5 of their
XRT radiotherapy regimens. Results from the breast cancer
pilot study indicate that 9/10 tumors show complete
response after USMB + XRT using an MRg FUS system.
This was seen after 12 months of follow-up for each patient,
in which either complete resolution of tumor or replacement
fibrosis with no tumor regrowth. In patients where the
replacement fibrosis was observed in place of the treated
tumor, no evidence of disease recurrence was observed fol-
lowing one year after treatment. See Figs. 10 and 11 [84] .



Figure 10. Pilot data from phase I study of ultrasound-microbubble stimulation in breast cancer. Top left: Clinical view of treated lesions
before treatment (red ellipse) with MRg-FUS + MB + XRT for radiation enhancement. Ellipse is 5.0 cm in the largest dimension. Top right:
Clinical view of lesions indicating diminished lesion sizes 4 weeks after treatment with MRg-FUS + MB. Bottom left: MRI plan indicating
where focused ultrasound was directed for microbubble stimulation. Bottom right: MRI plan indicating where radiation was directed for
treatment. Treatment with radiation was administered immediately after MRg-FUS + MB therapy From [84].

Figure 11. (Left) Treatment outlines. Fractionation regimens: Two (2) MRg-FUS + MB treatments are scheduled as indicated. There will
be two permitted stratifications for radiation dose: 2000 cGy/5 fractions. (Right) Preliminary DCE MRI K-Trans Data. The dashed line
indicates a tumor. The color bar indicates relative DEC k-trans parameter data From [84].
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Other radiation-enhancing clinical research has taken
place using transarterial radioembolization (TARE)
combined with USMB in participants with hepatocellular
carcinoma (HCC) [33]. Participants who were scheduled
for TARE treatments were randomized into one of two
groups; TARE alone or TARE with ultrasound-triggered



Table 1
Treatment details and tumor volumes at various times after treatment. Green indicates a complete response. Red indicates disease
progression From [84].
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microbubbles destruction (delivered 1-4 h and approxi-
mately 1 and 2 weeks after TARE). Differences across
Response Evaluation Criteria in Solid Tumors (mRECIST)
reads and prevalence of tumor response were compared by
using a Mann-Whitney U test, and Fisher exact test, respec-
tively. The differences in time required for the next treatment
and overall survival curves were compared by using a log-
rank (Mantel-Cox) test. A greater prevalence of tumor
response (14 of 15 [93%; 95% CI: 68, 100] vs five of 10
[50%; 95% CI: 19, 81]; P = .02) was shown in preliminary
efficacy results in participants who underwent both
ultrasound-triggered microbubbles destruction and TARE
(P = .02) and appeared to result in improved hepatocellular
carcinoma treatment response [33].

Ultrasound and microbubbles mediated
immune response

Tumor cells are usually found to express some harmful
immunosuppressive substances that weaken the body’s
immune system [110]. In cancer patients, the immune sys-
tem is stimulated using varieties of substances (made by
the body) that recognize cancer cells and attack them. This
treatment is known as immunotherapy [111,112]. At present
different types of cancers are treated using several types of
immunotherapy substances including checkpoint inhibitors,
immune system modulators, monoclonal antibodies, T-cell
transfer therapy, and treatment vaccines [113–126]. The
therapeutic effectiveness and cost of the immunotherapy
remain questionable as patients treated with the abovemen-
tioned substances may have severe side effects with sub-
stances being poorly hydrophilic and easily degraded in
the blood circulation [127–129]. In past few years, it has
been found that ultrasound can be used to stimulate an
anti-tumor immune response [130–133]. Ultrasound on its
own can regulate the immune response by thermally ablating
the tumors however, when used alongside immunotherapeu-
tics it helps in increasing the therapeutic efficacy of
immunotherapy [134–136]. Using ultrasound can help in
the precise ablation of tumors and reduce the required drug
dosage needed to treat cancer thus resulting in minimal side
effects [137]. Different forms of ultrasound techniques
including high-intensity focused ultrasound (HIFU), low-
intensity focused ultrasound (LIFU), ultrasound-targeted
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microbubble destruction (UTMD), and sonodynamic therapy
(SDT) can be used in combination with immunotherapy to
boost the immune system of cancer patients [136,138–
151]. Recently, a technique of microbubble-assisted
ultrasound-guided immunotherapy has gained immense
attention by demonstrating improved anti-tumor immunity
[152,153]. This method utilizes the delivery of an
immunotransmitter-cyclic guanosine monophosphate-
adenosine monophosphate (cGAMP). This is done by com-
bining nucleotide nanocomplexes into the microbubbles (in-
tegrating microbubbles with nanocomplexes) [152,154]. The
complex of nanocomplexes and microbubbles is delivered
into antigen-presenting cells (APCs), where the microbub-
bles release cGAMP that leads to activation of GMP-AMP
synthase (cGAS)-stimulator of interferon genes (STING)
pathway stimulating type I interferon responses that are piv-
otal for tumor-specific T cells priming [152,155]. A preclin-
ical study conducted by Li et al. demonstrated that using the
technique of ultrasound-guided immunotherapy of cancer
they were able to activate the systemic anti-tumor immunity
in mouse-bearing mammary breast carcinoma 4T1 that
resulted in metastasis inhibition in breast cancer. Their
results revealed a combination of ultrasound-guided
immunotherapy and an anti-PD-1 antibody resulted in a
76% median survival increase in animals along with pul-
monary metastatic nodules reduced to approximately 60%
as compared to the animals that were given either of the
treatment alone [152]. This findings provided a promising
future for treating cancer patients with tumor metastasis.

In addition to this, ultrasound-mediated abscopal effects
have also been reported in some studies [156,157]. Experi-
ments conducted with murine models of melanoma and hep-
atocellular carcinoma demonstrated infiltration of the
immune cell following histotripsy [157]. Inhibition in the
growth of pulmonary metastases was observed at a site of
tumors that remained untreated. The stimulation of immune
response following histotripsy was found to be linked with
the translocation of calreticulin to the cell membrane with
local release of intratumoral high mobility group box protein
1 [157]. Another study by Hu et al. reported that ultrasound
and nanobubbles mediated a systemic immune response and
abscopal effect when combined with immunotherapy (anti-
PD-1 antibody) [158]. It was seen that the mouse models
of RM1 (prostate cancer), MC38 (colon cancer), and B16
(melanoma) xenograft resulted in an increase in antigen
release and enhancement in the number of innate immune
cells (APCs, in the tumor microenvironment and draining
lymph nodes). Additionally, a group of mice implanted with
tumors on both legs showed similar growth patterns on both
sides even though only one leg tumor was exposed to
USNB + anti-PD1, while the other side remained unex-
posed. This result demonstrated the ability of USNB to trig-
ger systemic antitumor effects and abscopal effects [158].
Together, these findings suggest that ultrasound, when used
alongside immunotherapy, can enhance the anti-tumor
effects. Despite the success of immunotherapy in preclinical
studies, its translation in clinical settings remains challeng-
ing. Few clinical trials have reported short-term and long-
term survival benefits in patients with advanced melanoma
[159,160]. However, trials conducted with patient of renal
cell carcinoma [161], non-small-cell lung cancer [162],
small-cell lung cancer [163] and prostate cancer [164]
showed less prominent results. In clinical settings, the treat-
ment of cancer with immunotherapies might be tumor
specific.

Furthermore radiation combined with immunotherapy has
also shown promising outcomes in both preclinical and clin-
ical studies demonstrating systemic immune response and
abscopal effect [165–169]. However, no study to our knowl-
edge has yet been carried out looking at the immune
response and abscopal effect combining ultrasound,
microbubbles, and radiation. Since radiation on its own is
known to induce these effects [170–176], it might be inter-
esting to see if an enhanced immunostimulatory response
occurs by combining radiation with ultrasound and
microbubbles.
Clinical implications and summary

USMB therapy can enhance radiation effects by damag-
ing tumor blood vessels. The combinatory impact of USMB
and radiation-mediated endothelial cellular perturbations
leading to secondary tumor cell death has been documented
in several in vitro and in vivo studies. USMB elucidates ben-
efits over conventional cancer surgical treatments by spa-
tially confining ultrasound energy within the tumor
volume. Combining USMB with a lower dose of radiation
is demonstrated to elicit similar vascular endothelial damage
as seen using a single high dose of XRT. This combined
technique can spare healthy tissues and minimize systemic
toxicity. Few clinical studies have also seen fruitful results
regarding the safety and feasibility of USMB. Thus, this
technique has the advantages of high precision that holds a
promising future in treating cancer patients. Lastly, more
studies should be conducted looking at the combinatory
immune effects of USMB and radiation treatment to better
understand the role of the immune system in cancer
development.
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