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Abstract

Background: The study here investigated quantitative ultrasound (QUS) parameters to assess tumour response
to ultrasound-stimulated microbubbles (USMB) and hyperthermia (HT) treatment in vivo. Mice bearing prostate
cancer xenografts were exposed to various treatment conditions including 1% (v/v) Definity microbubbles
stimulated at ultrasound pressures 246 kPa and 570 kPa and HT duration of 0, 10, 40, and 50 min. Ultrasound
radiofrequency (RF) data were collected using an ultrasound transducer with a central frequency of 25 MHz.
QUS parameters based on form factor models were used as potential biomarkers of cell death in prostate
cancer xenografts.

Results: The average acoustic concentration (AAC) parameter from spherical gaussian and the fluid-filled
spherical models were the most efficient imaging biomarker of cell death. Statistical significant increases of
AAC were found in the combined treatment groups: 246 kPa + 40 min, 246 kPa + 50 min, and 570 kPa + 50 min,
in comparison with control tumours (0 kPa + 0 min). Changes in AAC correlates strongly (r2 = 0.62) with cell
death fraction quantified from the histopathological analysis.

Conclusion: Scattering property estimates from spherical gaussian and fluid-filled spherical models are useful
imaging biomarkers for assessing tumour response to treatment. Our observation of changes in AAC from
high ultrasound frequencies was consistent with previous findings where parameters related to the
backscatter intensity (AAC) increased with cell death.
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Introduction
Treatment response monitoring is crucial in the man-
agement of cancer progression. Depending on the sever-
ity of cancer and its type, a treatment plan can be
adjusted if needed. One of the most commonly per-
formed tests to diagnose and examine treatment re-
sponse is biopsy. This involves invasive procedures to
access tissue or collect cell samples [1] and is associated
with inherent risks. Additionally, the involvement of sev-
eral imaging technologies such as ultrasound (US), mag-
netic resonance imaging (MRI), and computed
tomography (CT) for guidance can turn these into ex-
pensive procedures [2–5]. Several non-invasive alterna-
tives to biopsy for response monitoring have been
developed and studied, one of which includes a quantita-
tive ultrasound (QUS) spectroscopy.
QUS spectroscopy is a non-invasive, versatile, rela-

tively inexpensive, and novel imaging modality that dem-
onstrates broad applications within medicine. It is widely
used for facile and rapid assessment of therapy response
by distinguishing dying tumour cells from viable ones
[6]. QUS spectroscopy analyzes frequency-dependent
power spectrum or backscatter coefficient from US ra-
diofrequency (RF) data [7, 8]. This analysis results in
spectral parameters that can be used to distinguish be-
tween tissue types and states [9]. Several parameters in-
cluding the mid-band fit (MBF), 0-MHz intercept (SI)
and, spectral slope (SS) can be readily determined from
US-RF data and hence can be used for characterizing tis-
sue structural changes based on acoustic properties con-
trast. These acoustic parameters are linked to
microscopic and macroscopic tissue properties. The
MBF is known to be associated with the size, concentra-
tion, and attenuation of scatterers whereas SI and SS are
measures of acoustic scatterer concentration and size,
and the size of acoustic scatterers, respectively [10, 11].
Several findings have now confirmed that changes in
these spectral parameters are directly correlated with
alteration in tissue morphological structures [12–14].
Specifically, studies have demonstrated that cells under-
going apoptosis exhibited changes in spectral parameters
compared to normal cells [13, 14]. Furthermore, these
outcomes were generally consistent using either
conventional-frequency (1–10MHz) or the high-
frequency US (> 20MHz) [14].
Several other US backscatter parameters, such as the

average scatterer diameter (ASD), and the average
acoustic concentration (AAC) can also be estimated
using US-RF data. Both of these parameters are known
to be useful and important indicators for monitoring
tumour response and differentiating tumour types. More
specifically, patients diagnosed with breast cancer that
responded to chemotherapy displayed a substantial es-
calation in AAC parameter as early as week one with a

maximum increase at week 8. On the contrary, non-
responder patients demonstrated no such changes fol-
lowing treatment [15]. Tadayyon et al. also reported
similar results from preclinical models using breast
tumour (MDA-MB-231) xenografts followed by chemo-
therapy. Their study indicated a strong correlation be-
tween the AAC parameter and cell death across tumour
sections after 24 h. A significant increase in AAC with
an increase in microstructural changes was reported
[16].
In this study, mice bearing PC3 prostate-xenograft tu-

mours were exposed to US-mediated microbubble (MB)
perturbations. Animals were exposed to 16 cycles of tone
burst at 500 kHz center frequency and 3 kHz pulse repe-
tition frequency for 5 min within sonification over 750
milliseconds spread over this period. Peak negative pres-
sure was varied from 0 kPa, 246 kPa, or 570 kPa, corre-
sponding to a mechanical index (MI) of 0.18, 0.35, and
0.80, at the focus. Prior to US exposure, Definity micro-
bubbles were administered based on our previous re-
search (1% (v/v)) [17–20]. Five hours after MB-
stimulation, animal tumours were exposed to water bath
hyperthermia at 43 °C; in a water bath for 0, 10, 40, and
50min (detail of treatment conditions and permutations
was previously described elsewhere [19]. We estimated
and examined the US backscatter parameter-AAC of
prostate cancer (PC3) xenografts before and 24 h after
exposure to USMB and HT treatment. Results obtained
were further compared with tissue morphological
changes and cell death using histopathological analysis.
The study supports previous findings which have
demonstrated that cell-death-inducing cancer therapy
induces a greater increase in tissue microstruc-
tural changes that leads to an increase in AAC [16]. In
this study, a novel combination of USMB and HT
resulted in the enhancement of overall cell death. QUS
spectroscopy using high US frequencies was used to
evaluate tumour response to therapy. Scatterer property
estimate in AAC was found to be a useful imaging bio-
marker of cell death. Changes in AAC strongly corre-
lated with cell death. Significant increases in AAC were
observed in the combined treated groups: 246 kPa + 40
min, 246 kPa + 50 min, 570 kPa + 40min, and 570 kPa +
50min. Histopathological analysis confirmed positive
staining of cell death in these treatment groups, showing
morphological characteristics of apoptosis and necrosis.
This study demonstrates the potential of QUS spectros-
copy for the non-invasive evaluation of tumour response
to cancer treatment.

Materials and methods
Cell culture
Human prostate cancer cells (PC3) obtained from
American Type Culture Collection (ATCC, Manassas

Sharma et al. BMC Cancer          (2021) 21:991 Page 2 of 10



VA, USA) were cultured in RPMI-1640 (Wisent Inc., St
Bruno, Canada) media supplemented with 5% penicillin/
streptomycin antibiotic (Sigma-Aldrich) and 10% fetal
bovine serum (Sigma-Aldrich, St Louis, MO, USA). Cells
were exposed to 5% CO2 HEPA-filtered air and were in-
cubated at 37 °C. Confluent cells were then harvested at
room temperature with 0.02% EDTA and 0.25% trypsin
solutions. Cell pellets were isolated and centrifuged at
4 °C for 10 min before being re-suspended in Mg+/Ca +
Dulbecco’s Phosphate Buffered Saline (DBPS).

Animal model
Five to six-week-old CB-17 severely combined immuno-
deficiency (SCID) male mice obtained from Charles
River Inc. (Wilmington, MA, USA) were used for this
study. A total volume of 5 × 106 PC3 cell suspension was
injected subcutaneously into the lower right hind leg of
each animal. Tumours were grown for approximately 2–
3 weeks to reach a maximum diameter of 7–10 mm prior
to experiments.
Mice were anesthetized via intraperitoneal injection

with a mixture of ketamine (100 mg/kg body weight),
xylazine (5 mg/kg body weight), and acepromazine (1
mg/kg body weight) (Sigma, Burlington, ON, Canada),
and 2% oxygen ventilated isoflurane. To ensure optimal
body temperature of the mice, both heating lamps and
heating pads were utilized during experiments to keep
the mice warm. All animals were closely monitored for
irregular breathing, and oxygen was administered to ani-
mals appearing to be in distress.

Ethics statement
All animal experimental procedures were conducted in
compliance with the guidelines from Canadian Council
on Animal Care. Experimental protocols were approved
by the Sunnybrook Health Science Centre Institutional
Animal Care and Use Committee. Animals were visually
monitored and handled with great care to minimize suf-
fering or pain throughout all experimental procedures.
All animals used in the study were euthanized at the end
of the study either by cervical dislocation (deemed as
standard operating procedures by comparative research)
followed by anesthetic overdose.

Experimental design
Tumour response to HT and USMB treatments was
assessed after 24 h. Treatments included HT only (10,
40, and 50 min), microbubbles only, and a combination
of USMB and HT treatments. 3–5 mice were used for
each treatment condition.

Ultrasound and microbubble treatment
Definity microbubbles (1% (v/v)) (perfluropropane gas/
liposome shell, Lantheus Medical Imaging, Inc., North

Billerica, MA, USA) stimulated at 246 kPa and 570 kPa
US pressures were used for this study. Microbubbles
were created and activated using a Vial mix (Lantheus
Medical Imaging, North Billerica, MA, USA) device at
3000 rpm for 45 s prior to animal injection. Microbubble
concentrations were calculated according to total animal
blood volume estimated by animal weight. Mice to be
treated with microbubbles and microbubble/HT com-
bination treatments were fitted with a tail vein catheter
to allow for injection of saline and microbubbles. Fol-
lowing the microbubble injection, mice were given a sec-
ond injection of 0.1 ml saline to flush the tail vein
catheter.
The US therapy system consisted of a digital acquisi-

tion system (Acquiris CC103, Agiulent Technologies
NY), an amplifier (RPR4000, Ritec Inc.), a waveform
generator (AWG530, Tektronix), and a transducer with
500 kHz frequency and 28.6 mm aperture diameter. Dur-
ing USMB treatments, each mouse was mounted on a
custom stage which was partially immersed in a 37 °C
water bath in such a way that placed the tumour at the
natural peak focus of the US transducer. The tumour
bearing hind leg of each animal was exposed to US im-
mediately following MB injection within the half-
maximum peak of the acoustic signal. Animals were ex-
posed to a 16 cycle tone burst at 500 kHz with a 3 kHz
pulse repetition frequency, resulting in an average duty
cycle of 0.25% for a total of 5 min. Every 2 s, acoustic
bursts were repeated to allow blood vessels to refill with
MB between insonification, causing bubble bursting
in vivo.

Hyperthermia treatment
Animals were administered HT treatments 5 h following
USMB treatments. Animals were mounted in 50ml
custom-made falcon tubes consisting of a hole at the
bottom to act as an air vent, a hole in the opening lid
for the leg and tail to go through, and a strip of Velcro.
The tail and treatment leg of each mouse was fixed
using tape and attached to the customized plate with
corresponding Velcro attachments. The plate was
immersed into a 43 °C water bath, held in place by a
three-prong extension clamp attached to a support
stand. The tumour bearing leg of each animal was then
submerged into the water for their respective treatment
times of 10, 40, or 50 min.

Data acquisition and analysis
US-RF and B-mode data were collected 24 h before and
after all treatments using a VEVO 770 imaging system
(VisualSonics Inc., Toronto, Canada). The system was
equipped with a single element RMV-710B transducer.
The reported characteristics of the high frequency trans-
ducer are: 25MHz center frequency, 15 mm focal depth,
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and f/2.1 [21, 22]. The measured center frequency was
20MHz, providing 10MHz to 25MHz -6 dB bandwidth.
The measured axial and lateral resolutions were 54 μm
and 149 μm, respectively. For volumetric RF data acqui-
sition, we used the following acquisition settings: 0.2 mm
step size and 20 dB gain. The step size is the elevation
(out-of-plane) distance between successive volumetric
RF frames, while the gain is the receiver amplifier gain
for the RF signal.

Backscatter parameter estimations
We selected ten different regions of interest (ROIs) from
the tumour for spectral analysis. These ROIs correspond
to 10 imaging planes within the tumour volume. ROIs
were selected in the center of the tumour, accounting
for approximately 2/3 of the tumour cross-sectional area
(approximately 5–10 × 5–10 mm in-plane and 5–10mm
through-plane). QUS spectral parameters were estimated
from each frame (10 frames per animal/tumour) and
subsequently averaged across the US scan.
We used the sliding window technique to obtain QUS

spectral parametric images that reflect the spatial distri-
bution of acoustic properties within the tumour. These
properties have been shown to be potential imaging bio-
markers of cell death as the tumour responds to various
modes of cancer therapy. We utilized a 10λ by 10λ slid-
ing window with 80% overlap between adjacent windows
in both the axial and the lateral directions. Here, λ is the
wavelength of the acoustic waves. The size of the win-
dow was chosen to include enough scatterers for reliable
spectral estimation while preserving image texture. A
Hanning gating function was applied on individual RF
scan lines within the window. Subsequently, the power
spectrum of the gated RF signals within the window was
estimated using the fast Fourier transform (FFT)
method. Averaged power spectrum within the window
was estimated for effective spectral parameter estima-
tion. In order to remove US system-dependent effects,
normalized power spectrum (NPS) was estimated using
a reference phantom technique [23]. The reference
phantom consisted of glass beads of 3.3 ± 2.2 μm diame-
ters, immersed in agar. The measured attenuation coeffi-
cient and speed of sound of the reference phantom were
0.477 dB/MHz/cm and 1540m/s, respectively. The refer-
ence phantom was scanned using the same US system
and transducer settings.
As acoustic waves are attenuated as they propagate

through the intervening tissue layers, this can affect the
backscatter parameter estimation. Attenuation correc-
tion was performed using the assumed attenuation coef-
ficients of 2.0 dB/cm/MHz and 0.6 dB/cm/MHz for the
skin and the tumour, respectively [24]. Manual segmen-
tation was performed on US B-mode images to identify
the tumour ROI and the water-to-skin interface. We

assumed a uniform skin thickness of 0.5 mm. The ana-
lysis frequency bandwidth is approximately 10MHz to
25MHz.
Acoustic scatterer properties that include average scat-

terer diameters (ASD) and average acoustic concentra-
tion (AAC) were obtained by fitting the measured
backscatter coefficient (BSC) with a theoretically derived
BSC. BSC was calculated using the reference phantom
technique. The measured BSC is expressed as

σs fð Þ ¼ σr fð Þ Ss fð Þj j2
Sr fð Þj j2 e

4 αs fð Þ−αr fð Þð Þ RþΔz
2ð Þf g; ð1Þ

where Ss(f) and Sr(f) are the spectra from the sample and
the reference phantom, respectively. αS and αR are the
attenuation coefficients of the sample and the reference
phantom, respectively. R is the distance from the face of
the transducer to the proximal side of the sliding win-
dow and Δz is the length of the window. σr is the refer-
ence BSC. The theoretical BSC is expressed as

σ theor fð Þ ¼ C f 4a6eff nγ
2
0F f ; aeff

� �
; ð2Þ

where constant C = π4/(36c4), with c is the speed of
sound in the medium. aeff is the effective radius of the
scatterers. The product nγ20 is the AAC, with n is the
number of scatterers per unit volume and γ20 is the
mean-square variation in the acoustic impedance be-
tween a scatterer and the background medium [25]. F(f,
aeff) is the form-factor that describes changes in the BSC
as a function of frequency [25]. Two form-factor models
that include the spherical Gaussian model (SGM) and
fluid-filled sphere model (FFSM) were evaluated. The es-
timated scatterer diameter is the one that corresponds
to the best-fitted BSC.

Histopathology
Mice were euthanized at experimental endpoints and all
tumour specimens were immediately excised. Tumour
samples were dissected into halves, with one half fixed
in optical gel subsequently flash-frozen with liquid nitro-
gen, and the other half fixed in 10% neutral-buffered for-
malin (Fisher Scientific Canada, Ottawa Ontario,
Canada). Formalin-fixed specimens were stored for up
to 48 h at room temperature, then were transferred into
70% ethanol solution, and stored at 4 °C for 24 h. In
preparation for staining, tumour samples were embed-
ded in paraffin blocks. Specimens were stained with ter-
minal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) for detection of apoptotic cells, and
hematoxylin and eosin (H&E) for identification of tissue
and cellular structure. All staining was completed by the
Pathology Research Program, University Health Net-
work, Toronto, ON, Canada.
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Tissue specimens were digitized and captured using a
Leica CD100 microscope (1MPixel Leica DC100 video
camera, 2 GHz PC operating Leica IM1000 software) at
20x objective lens.

Statistical analysis
Statistical analysis was conducted using GraphPad Prism
(GraphPad Software, La Jolla, CA, USA) using one-way
analysis of variance (ANOVA) followed by Bonferroni’s

selected comparisons test. P-values (p < 0.05) were con-
sidered statistically significant and are indicated by
asterisk (*).

Results
Cell death and tissue structural changes followed
ultrasound-stimulated microbubbles and hyperthermia
Representative images of tumour sections stained with
TUNEL and H&E are displayed in Fig. 1. Cell death was

Fig. 1 Effects of USMB and HT on tumour cell death. High magnification light microscope images of A TUNEL and B H&E stained histological
sections of PC3 xenografts. A Representative images of PC3 xenograft treated with 1% microbubble stimulated at varying US pulses 246 kPa &
570 kPa and varied HT (10, 40, and 50 min). An increase in HT duration combined with USMB demonstrated higher cell death (brown color). Scale
bar: 50 μm. B H&E-stained PC3 xenografts captured with a high magnification light microscope revealed a significantly higher number of
distorted nuclei in the combined USMB and HT treated group compared to the untreated group or USMB alone. Combined treated cells
exhibited morphological characteristics of apoptosis as well as necrosis. Scale bar: 50 μm. The image represents a representative experiment (from
3 to 4 independent experiments)
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assessed using the TUNEL assay that detects deoxyribo-
nucleic acid (DNA) breakage during the process of
apoptosis and H&E staining was used to characterize the
tissue sample’s morphology. The top rows of Fig. 1, A
and B depicts treatment condition with no US pulses
and only HT treatment (0, 10, 40, and 50 min). The mid-
dle row depicts tumour section treated with 246 kPa and
HT (0, 10, 40, and 50min) and the bottom row shows
stained tumour cross-sections upon exposure of 570 kPa
and HT (0, 10, 40, and 50min). Tissue sections treated
with 570 kPa + 40min and 570 kPa + 50 min treatments
revealed a greater area of cell death (brown color). Our
result from H&E staining revealed that tissue treated
with a combination of USMB and HT demonstrated
greater tissue damage with cells exhibiting characteris-
tics of both apoptosis and necrosis.
Earlier studies have demonstrated similar outcomes

with cells undergoing apoptosis upon exposure to USMB
and radiation. Increasing radiation treatment with a
combination of USMB demonstrated higher areas of

tumour cell death. Similarly, significant tissue morpho-
logical changes were also reported with an increase in
erythrocytes area as a result of vascular damage [26].

Ultrasonic scattering properties of cell death
Figure 2A shows representative post-treatment (24-h)
parametric images of AAC from SGM for all treatment
groups. The range of the color bar is from 15 up to 40
dB/cm3 for all images. We observed a significant in-
crease in AAC, in comparison with the control group,
particularly in the 246 kPa + 40min, 246 kPa + 50 min,
570 kPa + 40 min, and 570 kPa + 50 min combined
treated groups. These changes correlate well with mor-
phological alterations associated with cell death as ob-
served in the H&E and TUNEL images (Fig. 1A & B).
AAC serves as a non-invasive imaging biomarker of cell
death. Figure 2B presents average changes of AAC from
SGM for all treatment conditions. Error bars indicate
the standard error of the mean, from the respective
group. Significant increases in AAC were observed in

Fig. 2 Parametric maps of the AAC and changes in quantitative ultrasound parameters with different treatments. A Representative post-
treatment (24-h) parametric images of AAC obtained using the SGM, overlaid on B-mode images, B Bar plots of averaged changes in AAC from
SGM, C bar plots of averaged changes in AAC from FFSM, D Bar plots of averaged changes of ASD from SGM, and E Bar plots of averaged
changes in ASD from FFSM from different treatment groups. A We observed increases in AAC from the combination of treatment groups: 246
kPa + 40 min, 246 kPa + 50 min, 570 kPa + 40min, and 570 kPa + 50 min, relative to that of the control group (0 kPa + 0min). These indicate an
increase in acoustic back-scattering that reflects nuclear structure alteration as the tumour cells undergo cell death, as a result of a combination
of cancer treatment: USMB-induced vascular disruption and HT. B Bar plots of changes in AAC from SGM from all treatment groups. C Bar plots
of changes in AAC from FFSM from all treatment groups. The height of the bar represents the mean-value from each group. Error bars represent
the standard error of the mean. Increases in AAC are apparent, particularly in the combination of treatment groups: 246 kPa + 40 min, 246 kPa +
50min, and 570 kPa + 50 min. These changes are statistically significant (p < 0.05), as indicated by the asterisks, compared to that of the control
group (0 kPa + 0min). We used a one-way ANOVA followed by Bonferroni’s selected comparisons test to investigate for any statistical difference
between the treatment groups. D Bar plots of changes in ASD from SGM for all treatment groups. E Bar plots of changes in ASD from FFSM for
all treatment groups. We observed a decreasing trend in the mean-value of ASD as a function of HT duration from the combination of treatment
groups. Nonetheless, the observed trend was not statistically significant. In B, C, D, and E ΔAAC-SGM, ΔAAC-FFSM, ΔASD-SGM, and ΔASD-FFSM
indicates changes in AAC and ASD parameter from the SGM and FFSM models, respectively
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four combined treated groups: 246 kPa + 40min, 246
kPa + 50 min, 570 kPa + 40min, and 570 kPa + 50min.
These increases were 1.67 ± 0.22 dB/cm3, 1.64 ± 0.40 dB/
cm3, 1.38 ± 0.32 dB/cm3, and 1.75 ± 0.23 dB/cm3, re-
spectively. Using the FFSM model, we also observed the
same trend of increase in AAC as a function of treat-
ment, as shown in Fig. 2C. Increases in AAC were
1.55 ± 0.25 dB/cm3, 1.48 ± 0.24 dB/cm3, 1.28 ± 0.23 dB/
cm3, 1.53 ± 0.33 dB/cm3 for 246 kPa + 40min, 246 kPa +
50min, 570 kPa + 40min, and 570 kPa + 50 min treat-
ment groups, respectively. Changes in AAC from 246
kPa + 40 min, 246 kPa + 50 min, and 570 kPa + 50 min
treatment groups were found to be statistically signifi-
cantly different (p < 0.05) compared to that of the con-
trol group (0 kPa + 0min). Statistical analysis was
performed using one-way analysis of variance (ANOVA)
with selected comparisons using the Bonferroni method
to test for any statistically significant difference between
different treatment groups. Increases in AAC were con-
sistent with cell death that was observed in the histo-
logical images. Figure 2D & E depicts mean changes in
ASD from SGM and ASD from FFSM, respectively, for
all treatment groups. For a given US pressure, we ob-
served a decrease in the mean-value of ASD as a func-
tion of HT duration. Nonetheless, these changes were
not statistically significant (p > 0.05). Using FFSM, we
also observed the same trend of decreasing ASD as a
function of HT duration for a given US pressure. Still,
the changes in ASD from FFSM were also not statisti-
cally significant.
Representative plot of the estimated BSCs, along with

their best-fit form factor from SGM for 246 kPa + 50 min
treatment group is depicted in Fig. 3. Nuclear structure
alteration arising from cell death is reflected in the in-
crease in the BSCs as shown in Fig. 3. An increase in cell
death as a result of a combination of treatments results
in more acoustic backscattering as quantified using the
BSC.
A scatter plot of percent cell deaths versus changes in

AAC from all treatment groups is shown in Fig. 4.
Apoptotic cell death was quantified from TUNEL im-
ages. A strong correlation between changes in AAC and
cell deaths was observed (r2 = 0.62). The best quadratic
curve-fitting to the data is shown in blue, with the
goodness-of-fit shown in the inset legend. Larger
changes in AAC imply an increase in cell death.

Discussion
Previous studies have shown the synergistic effect of
USMB-induced vascular disruption and radiation ther-
apy in killing tumour cells [27–29]. Here, we demon-
strated a novel combination of cancer treatments in
USMB-induced vascular disruption and HT on the ani-
mal model of human prostate cancer (PC3). Our results

Fig. 3 Representative plot of the estimated BSCs pre-and post-
treatment, along with their respective best-fit form factor from the
SGM model. These are shown from two combination of treatment
groups 246 kPa + 50 min (graph depicting plot of the estimated BSCs
pre-and post-treatment 570 kPa + 50 min is shown in Supplementary
Figure 2). The BSCs are estimated from 50 individual attenuation-
corrected normalized power spectra from two-dimensional tumour
ROI. An increase in the acoustic backscattering resulting from cell
deaths 24-h post-treatment, relative to the pre-treatment, is
apparent from the BSC plot

Fig. 4 Representative dot plot for AAC and cell death. Correlation
between changes in AAC and cell death fraction from TUNEL
staining. Scatter plots of cell death fraction versus changes in AAC
from all treatment groups. Apoptotic cell death percentile (brown
area) was quantified from TUNEL images. We observed an increase
in cell death as a function of HT duration for each combination of
the treatment group. Increases in AAC due to cell deaths may have
been caused by nuclear fragmentation and filling of the extracellular
space with cell debris as tumour cells were treated with a
combination of treatments of US-mediated vascular disruption and
HT. Regression analysis of cell death fraction versus changes in AAC
showed a strong correlation (r2 = 0.62). The best quadratic curve-
fitting to the data is shown in blue, with the goodness-of-fit
function shown in the inset legend
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suggest that the combination of USMB and HT induces
more cell death compared to either USMB alone or HT
alone. Furthermore, we also showed that QUS spectros-
copy can be used to non-invasively assess the efficacy of
cancer treatment. Acoustic scattering properties ob-
tained from high US frequencies can be used as imaging
biomarkers of cell death resulting from cancer treat-
ment. Two scattering properties including ASD and
AAC were estimated using SGM and FFSM form fac-
tor models to investigate the potential changes in scat-
terer sizes and concentrations in response to treatment.
Histopathology images confirmed a prominent increase
in cell death in the combined treatment groups: 246
kPa + 40 min, 246 kPa + 50min, 570 kPa + 40 min, and
570 kPa + 50 min, in comparison with the control (0
kPa + 0min). Changes in AAC related to cell death were
consistent with changes in the surrogate measures of
AAC (mid-band fit (MBF) and 0-MHz intercept (SI))
and changes in backscatter intensity that had been ob-
served previously both from in vitro and in vivo studies
[13, 29].
Based on our working model of ultrasonic scattering

properties related to cell death, nuclear alterations are
predominantly responsible for the increase in AAC.
AAC is related to the backscatter amplitude because it is
the coefficient of the BSC. Changes in the magnitude
and the frequency dependence of ultrasonic backscatter
have been shown earlier to correlate with changes in the
nuclear structure of the cell [16]. An increase in AAC
(and therefore the BSC) can be attributed to cell death
as nuclear fragmentation occurring inside the tumour
cells and cellular debris filling the extracellular space as
tumour cells treated with anticancer treatment. The in-
crease is evident from the BSC plots of pre-and post-
treatment for the 246 kPa + 50 min and 570 kPa + 50 min
shown in Fig. 3.
The main mechanism of HT is to induce direct cell kill

by destructing proteins and the structure within cells
and to sensitize cells to radiation and chemotherapy,
through the application of extreme heat (> 43 °C) [30–
32]. In this work, we explored a combination of USMB
+ HT as a novel mode of cancer therapeutic. From hist-
ology, morphological characteristics of both apoptosis
and necrosis as a result of the USMB + HT treatment
were observed. We found positive staining of cell death
(confirmed by TUNEL and H&E staining), in particular
for the combination of treatment groups: 246 kPa + 40
min, 246 kPa + 50 min, 570 kPa + 40min, and 570 kPa +
50min compared to the control group (0 kPa + 0min).
In addition, we also observed a decrease in average nu-
clear size in the combination of treatment groups. This
observation is consistent with tumour cells undergoing
apoptotic sequence, where they exhibit shrinkage and
convolution as typical features of apoptosis. The average

nuclear size in the control group was (15.16 ± 1.30 μm)
and the minimum average nuclear size of (11.72 ±
0.47 μm) was seen in the 570 kPa + 50min treatment
group. Although a significant decrease in nuclear size
was observed (relative to the control), there was no
statistically significant difference between groups at
different heating times, for a given US pressure (Supple-
mentary Figure 1).
The decrease in nuclear size observed from hist-

ology could not be well characterized by scatterer di-
ameters estimates from SGM and FFSM models.
Although there was a decrease in ASD as a function
of heating duration, the effect was not statistically sig-
nificant. This can be attributed to the fact that ASD
estimates from both models were considerably larger
than the cells. The ASD estimates were approximately
40–50 μm. We hypothesize that acoustic scattering
arises from larger scattering structures such as clus-
ters of apoptotic cells, nuclear coalescence, and con-
densation in the proximity of dying tumour cells,
along with a contribution from micro-vessels, and not
from individual cells. According to the theoretical
framework of ultrasonic spectrum analysis developed
by Lizzi et al. [33], an increase in the scatterer’s di-
ameters may also cause an increase in the spectral
intercept from the linear regression analysis. Although
the ASD parameter was observed to decrease, mech-
anical characteristics such as particle density and con-
centration of scatterers may have contributed to the
increase in acoustic backscattering as quantified
through the AAC parameter. In separate studies, Vlad
et al. and Franceschini et al. identified the increase in
backscattering to arise from an increase in cellular vari-
ance as tumour cells undergoing cell death [22, 34]. Here,
cellular size variance and micro-vessels might have con-
tributed to the increase in AAC. Variation in scatterer
sizes and distributions can be observed qualitatively from
representative histological images.
In conclusion, we demonstrated the usefulness of

QUS-based biomarkers to noninvasively assess the effi-
cacy of novel anticancer treatment. HT was used as the
primary cancer treatment, in conjunction with USMB-
induced vascular disruption to treat prostate tumour
xenograft. Furthermore, scatterer property-based bio-
markers from QUS spectroscopy analysis were used as
non-invasive imaging biomarkers of cell death. In par-
ticular, the changes in AAC showed a good correlation
with cell death fraction. QUS spectroscopy is a potential
imaging method for monitoring response to anticancer
treatment.
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Additional file 1: Figure S1. Nuclear size estimation of PC3 xenograft
sections. Nuclear size assessment in PC3 tumour cross-sections following
24 h of treatment. Combined treatment of USMB and HT (246 kPa + 0
min; 246 kPa + 10 min; 246 kPa + 40 min; 246 kPa + 50 min; 570 kPa + 0
min; 570 kPa + 10 min; 570 kPa + 40 min and 570 kPa + 50 min) resulted in
a significant difference in nuclear size compared to control (0 kPa + 0
min). An asterisk indicates P-values (p < 0.05) (*).

Additional file 2: Figure S2. BSCs plot obtained from an in vivo
prostate tumour model pre-and-post 24 h after USMB and HT treatment.
A representative plot of the measured BSC and its best-fit theoretical BSC
from the SGM model for 570 kPa + 50 min HT group at pre-and post-
treatment is shown. An increase in backscattering is observed at 24 h
post-treatment.
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