Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Official Journal of the World Federation ;'
for Ultrasound Medicine and Biology

Volume 36, Number 8, September 2010

Review: Biomedical Applications of
Force of Ultrasou
Historical Roots and Physical Basis

ELSEVIER

1SSN: 0301-5629 View the journal at www.umbjournal.org

........ ..'. e
’0000.0.00."0.. ?3"

.QO..’Q...‘.".

o n'o'mmm |

00 XX
.oo‘t‘:‘:‘o o‘o‘o‘o‘o‘oo ooooo‘- %8 oded ..’..Q 0K

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Ultrasound in Med. & Biol., Vol. 36, No. 9, pp. 1546-1558, 2010

Crown Copyright © 2010 Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology
Printed in the USA. All rights reserved

0301-5629/$ - see front matter

s

ELSEVI doi:10.1016/j.ultrasmedbio.2010.05.025

® Original Contribution

AN INCREASE IN CELLULAR SIZE VARIANCE CONTRIBUTES
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Abstract—This study aims to explain the contribution of changes in cellular size variance (CSV) to increases in
ultrasound-integrated backscatter (UIB) measured from cell samples undergoing cell death. A Monte Carlo algorithm
was used to compare simulations of 2D distributions of cells, uniform (CSV = 0) versus heterogeneous (CSV > 0) and
the same mean cellular size (M). UIB increased in arrangements with heterogeneous cellular sizes from 3.6dB (M = 20
pm, CSV = 0 um/CSV = 18 um) to 5.6 dB M =10 um, CSV = 0 um/CSV = 8 um). Experimentally, UIB (10 to 30
MHz) was measured from cell samples of four tumor cell lines viable and undergoing cell death after radiotherapy
and chemotherapy treatment. An increase of 3.8-7.5 dB (p < 0.001) in UIB was measured from three cell lines. No
increase in UIB was measured from one cell line. An increase in CSV was found for all cell samples after cell death.
The results suggest that an increase in CSV could have a significant contribution to the increases measured in UIB after
cell death in cell samples exposed to anticancer therapies. (E-mail: rvlad @lakeridgehealth.on.ca) Crown Copyright
© 2010 Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology.

Key Words: Ultrasound integrated backscatter, Cell death, Apoptosis and mitotic arrest, Anticancer therapies,
Cellular size variance, Cellular sizes distribution, Simulation, Scatterer distribution, Monte Carlo algorithm.

INTRODUCTION spectrum. The RF spectrum can be related to the structure
of a medium, if that medium can be modeled as a random
distribution of scattering particles (Shung and Thieme
1993) and the characteristics of instrumentation are known.
Under these conditions, it is well known that the frequency
dependence of the RF spectrum is mainly dependent on the
size of the dominant scattering structure in the medium, and
the magnitude of the RF spectrum depends on the size,
number density (number of scatterers per unit volume)
and the relative acoustic impedance (fractional variation
in acoustic impedance between the scattering particles
and the surrounding medium) of the scattering particles.
Experimentally, ultrasound imaging and spectrum
analysis techniques developed by Lizzi and co-workers
(Lizzi et al. 1987, 1988, 1997a, 1997b, 1997c, 2003)
were applied for the first time by Czarnota et al. (1997,
1999) and Kolios et al. (2002) to detect cell death in cell
samples and tissues exposed to cancer therapies (e.g.,

Radiofrequency (RF) ultrasound data have been used
extensively in medical ultrasound to analyze noninva-
sively the structural properties of different biological
tissues. Quantitative ultrasound (QUS) methods based
on the analysis of RF data have been used to diagnose
prostate cancer, ocular tumors, liver and cardiac abnor-
malities (Feleppa et al. 1996, 2001; Insana et al. 1993;
Lizzi et al. 1987, 1988, 1997a, 1997b, 1997c, 2003;
Silverman et al. 2003; Yang et al. 2007), differentiate
benign fibroadenomas from mammary carcinomas and
sarcomas (Oelze et al. 2004; Oelze and O’Brien 2006;
Oelze and Zachary 2006) and have provided good
diagnostic accuracy in prostate cancer detection and
lesion localization (Feleppa et al. 2004). One of the largely
used QUS methods is the analysis of the RF backscatter
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chemotherapy and photodynamic therapy). These studies
indicated that apoptotic cells exhibited as much as a 16-
fold increase in ultrasound backscatter intensity compared
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with viable cells, as well as other measurable changes in
ultrasound parameters, i.e., changes in the spectral slope
(Kolios et al. 2002; Vlad et al. 2008) and the backscatter
intensity envelope statistics (Tunis et al. 2005). The
same technique can be used to detect cell death by oncosis
(Vlad et al. 2005) and mitotic arrest/catastrophe (Vlad
et al. 2008). The applicability of ultrasound imaging and
spectroscopy to detect noninvasive cell death has been
demonstrated recently in vivo using different tumor types
and cell death—inducing treatments (Banihashemi et al.
2008; Vlad et al. 2009).

The aim of cancer therapy is to kill tumors by inducing
cell death (Tannock et al. 2005) that can be used as an indi-
cation of tumor response to cancer treatment. To date,
methods for imaging cancer cell death in potential clinical
settings are magnetic resonance methods based on
measurements of the cytoplasmic-droplet accumulation
that accompanies death in some cells, dynamic contrast-
enhanced magnetic resonance imaging based on an
increase in cellular membrane permeability in cells under-
going death, single photon emission computed tomog-
raphy and positron emission tomography using
radiolabeled annexin V (Brindle 2008). The use of these
modalities to monitor anticancer therapy can be limited
by their cost and the requirement of multiple injections of
a contrast agent or radioactive substance. For this reason,
these techniques have a reduced applicability in longitu-
dinal preclinical and clinical studies.

The capability of ultrasound methods to detect
changes in physical characteristics of tissue scatterers after
cell death makes the technique promising as a method to
monitor anticancer therapy in preclinical and clinical
settings. Ultrasound is known to be a cost-effective
imaging modality with widespread access worldwide.
The advantage of this technique is that the process of
cell death itself generates the contrast in ultrasound images
as well as other significant changes in ultrasound parame-
ters, allowing the assessment of the treatment effect and
requiring no injection of exogenous contrast agents. To
develop this ultrasound method for cancer therapy assess-
ment, it is essential to understand which are the specific
changes in cellular structure that are capable of generating
this contrast in ultrasound images as well as changes of
ultrasound parameters during the process of cell death.

Previous studies (Czarnota et al. 1997, 1999; Kolios
et al. 2002; Taggart et al. 2007) have linked the changes in
ultrasound images and spectral parameters to nuclear
condensation and fragmentation after apoptotic cell
death (i.e., increase of scatterers’ relative acoustic
impedance and increase in number of scatterers per unit
volume). However, ultrasound is also sensitive to other
modalities of cell death, e.g., oncotic cell death (Kolios
et al. 2003; Vlad et al. 2005) and mitotic cell death
(Vlad et al. 2008) characterized by increases in cellular

and nuclear size, hence, contrasting with cellular changes
that characterize apoptosis. Consequently, an interesting
question is whether there are changes of cellular structure
that commonly manifest in each of these modalities of cell
death and that can be detected by ultrasound methods.
This study addresses this question by exploring
a mechanism capable to explain how different modalities
of cell death generate a contrast in ultrasound images and
changes in ultrasound parameters. The changes in the
magnitude and frequency dependence of backscattered
ultrasound measured experimentally were linked to an
increase in the cellular size variance (CSV) after cell death.
To provide a framework to interpret the experimental obser-
vations, a Monte Carlo algorithm (Saha et al. 2008; Savery
and Cloutier 2005) was used to simulate 2-D distributions of
cells with uniform (CSV = 0) and heterogeneous cellular
size (CSV > 0). Finally, the ultrasound parameters
computed from simulations were compared with the
ultrasound parameters measured from experiments.

Theoretical background

A Monte Carlo method, similar to that used previ-
ously to simulate ultrasound backscattering from distribu-
tion of nonaggregating red blood cells (Savery and
Cloutier 2005; Saha et al. 2008), was applied here to
simulate ultrasound backscattering by 2-D distributions
of cells. Average frequency-dependent backscattering
coefficient was computed from cell ensembles with
uniform and heterogeneous sizes. The Metropolis algo-
rithm (Metropolis et al. 1953) is an established method
to investigate statistical properties of systems composed
of many interacting particles and is capable of generating
different system configurations. It has been considered
suitable to characterize blood properties (Savery and
Cloutier 2005; Saha et al. 2008). This algorithm was
applied here to simulate different configurations of
nonoverlapping cells accordingly to the Boltzmann
probability distribution that was used to describe the
probability distribution of energy states generated by the
interactions between cells in the system. For instance,
a certain energy state can characterize a particular
spatial organization of cells and was obtained by
summing various types of potentials (e.g., steric
potential, electrostatic potential, adhesive potential, etc.)
that dictate the interactions between cells.

The total energy of each configuration of the system
was computed by summing the pair interaction energies
between the particles in the system. The probability distri-
bution of energy states, where each energy state (E) can
correspond to one or more than one configuration is given
by the Boltzman distribution:

1 E
&) = goxo () m
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where kg, T and Z are the Boltzmann constant, absolute
temperature and the partition function of the system,
respectively. Equation (1) indicates that lower-energy
states are more probable than higher-energy sates; conse-
quently, lower-energy states contribute more to the bulk
properties of the system. Therefore, the ensemble average
of a quantity of interest that characterizes the system can
be estimated by taking its weighted sum over those lower
states. In this method, each new configuration of the
system was generated according to its Boltzmann proba-
bility by using the Metropolis algorithm to establish the
equilibrium states. When a new particle throw was intro-
duced, the Metropolis algorithm (Metropolis et al. 1953)
was used to accept or reject that throw, where particle
represents a scatterer and throw is a move to assign spatial
coordinates to the scatterer. This corresponded to one
Metropolis step. Using this algorithm, the energy states
with higher probabilities were generated more frequently.
This ensured that ensemble average values estimated for
each of the 2D particle configurations approached a real-
istic value.

The cells were allowed to occupy random positions
within the region-of-interest (ROI). Interaction energy of
each particle was determined as a function of its neighbor
coordinates under periodic boundary conditions. These
conditions dictated the placement of the particles along
the x and y directions in a 2-D sample and were imposed
in this study to remove the edge effects. Briefly, the peri-
odic boundary conditions allowed the particles at the right
edge to interact with those at the left edge and the particles
at the top edge of the sample to interact with those at the
bottom edge.

The method considered the particular case of spher-
ical nonoverlapping cells. The cells do not overlap if their
center-to-center separation distance is larger or equal with
the sum of each cell radius. First, a configuration was
generated by throwing all the particles randomly in the
ROI. For this configuration, the pair potential energy
was set to 10T for each overlapping pair and O for
a nonoverlapping pair. The total energy was computed,
and then the system was allowed to evolve by introducing
random moves to randomly selected particles. The
Metropolis algorithm was used to determine whether
each move is accepted or rejected. The procedure gener-
ated minimal energy states in which the interaction energy
of each two particles was zero. Consequently, the total
energy of the system, in terms of interaction energy, was
zero. Then, the frequency-dependent backscattering coef-
ficient and differential backscattering cross section were
computed from these cell arrangements over a large
number of realizations to obtain their ensemble average.

Acoustical waves propagating in a biological sam-
ple are scattered when these encounter density and
speed-of-sound inhomogeneities. In the context of
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acoustic, cell samples can be roughly described as dense
collections of rigid spherical particles that are randomly
packed to occupy a certain volume. Cells can be consid-
ered weak scatterers because they have to be closer than
their own diameter for their scattered pressure to be signif-
icantly affected by multiple scattering (Chin et al. 2001).
Because the multiple scattering can be neglected, the
scattered field in the backscattering direction at a large
distance r from the center of the ROI comprising a collec-
tion of nonoverlapping, randomly positioned cells can be
obtained by linear superposition of scattered signals by
each cell. The analytical expression of the backscattering
coefficient valid for the entire frequency range can be
written from Twersky (1978) as:

2

> 2)

o=y

where m is the number density 0f_> particles, N is
the number of scatterers in the ROI, k is the incident
acoustic wave vector, @, is the exact analytical solution
of backscattering amplitude (Morse and Ingard, 1968)
for the ¢™ spherical scatterer that was considered as
a fluid sphere with radius a, and position vector r,.
This equation was computed for each cell distribution
with uniform and heterogeneous sizes to determine
frequency-dependent  backscattering coefficients.
Similar expression has been used to describe the back-
scattering coefficient of red blood cells (Savery and
Cloutier 2005; Shung and Thieme 1993; Saha et al.
2008). In that context and for cells with uniform size,
the backscattering amplitude is constant for all cells
and can therefore be factored out from the summation.
Also, the expression of the backscattering coefficient
for particles with equal radii can be written in
a simplified form (Savery and Cloutier 2005; Shung
and Thieme 1993):

—
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where W is the Percus-Yevick packing factor for hard
disks in two dimensions, which is described in eqn (4):

_(1-Hy’

W= 1+H @
and H is the packing fraction. The backscattering coef-
ficient predicted by eqn (3) was computed and
compared with that of eqn (2) to validate the computer
code developed for the implementation of eqn (2). It is
of interest to notice that the backscattering amplitude is
different for different scatterer sizes and cannot be
factored for ensembles of cells with heterogeneous
size.
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Fig. 1. (a) Image of the sample holder. The sample holder was made of stainless steel and had two parts: a flat bottom, very-
fine polished to have an ultrasound signal reflection comparable with the transmitted signal, and a stainless steel disk with
three cylindrical holes cut through it (8 X 7 mm; diameter X height). The flat bottom was attached with screws to the stain-
less steel disk and the bottom of the wells were cushioned with Teflon rings. Teflon rings ensured that the content of the
wells was not spilled between compartments during the sample centrifugation. Two samples can be prepared once by
centrifugation in two wells. The other well serves as a calibration reference. (b) Ultrasound image of a compact aggregate
of cells in the sample holder. The height of the cell sample is ~2 mm, the smallest division on the scale on the lateral side of
cell samples is 0.1 mm. The small triangle on the right side of each cell sample represents the location of the transducer focal
point. The hyperechoic lines across the bottom, right and left side of the ultrasound image are the bottom and the walls,
respectively, of the sample holder.

METHODS

Cell preparation

Acute myeloid leukemia cells (OCI-AML-5) (Wang
et al. 1991) were grown from frozen stock samples as
described elsewhere (Taggart et al. 2007). FaDu and Hep-
2 cell lines were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). C666-1 cells
(Cheung et al. 1999; Li et al. 2002) were maintained in
RPMI 1640 cell culture media (Invitrogen Canada Inc.,
Burlington, ON, Canada) supplemented with 10% fetal
bovine serum (FBS) (Cansera International Inc.,
Etobicoke, ON, Canada) and antibiotics (100 mg/L
penicillin and 100 mg/LL streptomycin) (Bioshop,
Burlington, ON, Canada). FaDu cells were cultured in
Eagle’s minimum essential media (Invitrogen Canada Inc.)
with 2 mM L-glutamine and Earle’s balanced salt solution
adjusted to contain 1.5 g/L. sodium bicarbonate, 1.0 mM
sodium pyruvate (Sigma-Aldrich Co., Oakville, ON,
Canada) and 10% FBS. Hep-2 cells were cultured in
minimum essential media supplemented with 10% FBS
and 0.1% gentamycin (Hoffman-La Roche Ltd., Missis-
sauga, ON, Canada). All cell lines were grown in a humidi-
fied atmosphere at 37 °C, containing 5% CO,.

All cell lines were exposed to radiotherapy. The
AML cell line was also exposed to chemotherapy. It
was expected that radiotherapy and chemotherapy would
result in different forms of cell death in these cell lines
(Czarnota et al. 1999; Kolios et al. 2002; Vlad et al.
2008). Cells were irradiated using a small animal and
cell irradiator, the Faxitron Cabinet X-ray System
(Faxitron X-ray Corporation, Wheeling, IL, USA) that
delivered 160-keV X-rays at a rate of 200 cGy/min. The

cells from AML cell line were treated separately with
the chemotherapeutic drug cis-platinum (cisplatin) at 10
ug/mL that induced apoptosis in this cell line (Czarnota
et al. 1999; Kolios et al. 2002; Tunis et al. 2005). Cells
were treated with the drug for 0, 12, 24, 48 and 72 h.

The cell cultures were examined daily under light
microscopy to confirm cell death. Structural changes
that are characteristic of apoptotic or mitotic response
(i.e., increase in cell and nuclei size, membrane ruffling,
cytoplasm vacuolization, nuclear fragmentation and
condensation and formation of apoptotic and mitotic
bodies) were used as an indication of cell death
(Darzynkiewicz et al. 2001). These structural changes
were observed in AML cell culture for all time points of
treatment with cisplatin and at all applied radiotherapy
doses. For the head and neck cancer cell lines, most of
these changes were observed with the 8-Gy radiation
dose at 48 h after exposure to radiotherapy.

Before ultrasound data acquisition, cells were trypsi-
nized (Hep-2, FaDu and C666-1) and washed in
phosphate-buffered saline (PBS). AML cells grew in
suspension and did not need to be trypsinized. After
washing in PBS, cells were centrifuged at 1900 g to form
compact aggregates of cells, referred to in this study as
cell samples. These cell samples likely emulate the spatial
distribution and packing of cells in tumors (Vlad 2009).
Treated and viable samples were prepared by centrifuga-
tion of cells in two separate wells of a custom-built sample
holder (Fig. 1a). The cell samples were independently
prepared in triplicate from different sets of cells. A repre-
sentative ultrasound image of a compact aggregate of cells
(cell sample) in the sample holder is presented in Fig. 1b.
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Ultrasound data acquisition and analysis

A VS40B high-frequency ultrasound device (Visual-
Sonics Inc., Toronto, ON, Canada) was used to image the
cell samples. A focused transducer with a nominal center
frequency of 20 MHz (20 mm focal length, 10 mm aper-
ture diameter, -6 dB bandwidth of 11 to 28 MHz) was
used to collect ultrasound data. Data were collected within
the transducer depth of field (3.12 mm calculated at the
transducer nominal frequency), from five different planes
containing 40—60 8-bit RF lines sampled at 500 MHz. The
ROIs chosen to calculate the backscattered power spectra
contained 15-25 independent scan lines each, at a distance
of 250 um (the transducer beamwidth at the nominal
center frequency) and were 1 mm deep and centered
around the transducer focus.

Ultrasound scan lines from each bracketed line
segment were multiplied by a Hamming weighting func-
tion to suppress spectral lobes, and the Fourier transform
was computed. The squared magnitudes of the resultant
spectra from all ROIs were averaged and divided by the
power spectrum computed from a flat quartz calibration
target to calculate the normalized power spectra. This
procedure removed system and transducer transfer func-
tions to provide a common reference for data collected
with various transducers and systems (Lizzi et al. 1997).
The normalized power spectra measured from each
sample were compensated for frequency-dependent atten-
uation losses according to Taggart et al. (2007) using the
attenuation coefficients reported recently in a recent publi-
cation (Vlad et al. 2008) for AML, FaDu and Hep-2 cell
samples, viable and treated with radiotherapy. The rest
of the attenuation coefficients for AML and C666-1 cell
samples, viable and exposed to chemotherapy and radio-
therapy, respectively, are presented in Table 1. These
attenuation coefficients were calculated as a function of
frequency using a broadband technique (Bamber 1997).
To calculate the UIB, the resulting normalized power
spectra were integrated over the transducer —6 dB band-
width. Linear regression analysis was used to calculate
the spectral slope (SS) from the normalized backscatter
power. The SS is an indicator of effective scatterer size,
and a decrease in SS corresponds to an increase in effec-
tive scatterer size when properly corrected for attenuation
according to Lizzi and colleagues (Lizzi et al. 1997a,
1997b 1997c, 2003).

Cytology analysis and measurements of cellular and
nuclear size

After the acquisition of ultrasound data, the cell
samples were fixed in 10% buffered formalin (Fisher
Scientific, Neapan, ON, Canada) for a minimum of two
days. The fixed cell samples were carefully removed
from the sample holder and embedded in agar gel to
preserve the shape and integrity of the sample. The
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Table 1. Attenuation coefficients for AML cell samples
treated with chemotherapy and C666-1 cell samples,
viable and treated with radiotherapy

Cell type ATS = SE (dB/mm/MHz)
C666-1 control 0.065 + 0.011
C666-1 8 Gy 0.070 = 0.014
AML 12 h 0.058 + 0.012
AML 24 h 0.062 = 0.010
AML 48 h 0.070 = 0.009
AML 72 h 0.130 * 0.015

Three cell samples were considered for each experimental condition
and SE represents the standard errors. These values were used to correct
the ultrasound backscatter and spectral slopes for attenuation.

agar-embedded cell samples were subsequently sectioned
and placed in a cassette for paraffin embedding so that the
microtome sections were taken from the same plane as the
ultrasound data. The sections were stained with hematox-
ylin and eosin (H&E).

Cell and cellular fragment sizes for each experi-
mental condition were measured with a Multisizer3
Coulter Counter (Beckman Coulter, Mississauga, ON,
Canada) using a 100-um aperture that allowed precise
and reliable measurements of particle size. This method
allowed precise measurements of 5000—10,000 cells per
treatment condition within the range of 5-60 um.

Flow cytometric analysis using propidium iodine
(Invitrogen Canada Inc., Burlington, ON, Canada) was
performed to measure cell DNA content (Pozarowski
etal. 2003). Cells were harvested, washed twice in fluores-
cent activated cell sorting (FACS) buffer (PBS/0.5%
bovine serum albumin), resuspended in 1 mL of FACS
buffer and fixed for 1 h on ice in 3 mL of ice-cold 70%
ethanol. Cells were washed once before being resus-
pended in 500 uL. of FACS buffer supplemented with
40 ug/mL RNAse A (Sigma-Aldrich Co., Oakville, ON,
Canada) and 50 ug/mL propidium iodine; then cells
were incubated at room temperature for 30 min in the
dark before being analyzed in a FACS Caliber (BD
Biosciences, Mississauga, ON, Canada) using FL-2A
and FL-2W channels. The results are presented as the
percentage number of cells found in different phases of
the cell cycle. This classification is dependent on DNA
content and helps to identify the forms of cell death after
each of the applied therapies. The sub-G, fractions were
identified as apoptotic cells because the nucleus becomes
fragmented during apoptosis. The sub-G; peak can repre-
sent, in addition to apoptotic cells, mechanically damaged
cells and cell fragments in advanced stages of cell death
(Darzynkiewicz et al. 1997, 2001). The G; peak
represents phenotypic normal cells. The G,/M peak is
identified as cells in mitosis and mitotic arrest, whereas
the peak with higher than double DNA content (higher
than the G,/M fraction) was identified as cells in mitotic
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catastrophe and polyploid cells. Cells typically die by
mitotic arrest/catastrophe after they undergo as many as
four unsuccessful mitotic cycles as described by
Tannock et al. (2005), and they are characterized by
enlarged cells and nuclei.

Simulation

The size of the area to be investigated was fixed to
500 X 500 um. This area was assumed to be filled 100%
by cells of a specific average cellular size that matched
the average cellular size measured experimentally. This
ensured a constant number of cells of a particular size
per sample. The nuclei were placed randomly within
the ROI, one nucleus per cell. The nuclei embedded in
cytoplasm were treated as scatterers for the incident
ultrasound waves because their acoustic properties
were different with respect to the cytoplasm. It was
considered that nuclei covered 50% of the cell area, irre-
spective of its size. This value was chosen because it has
been reported that the maximum possible packing in 2-D
for random loose packed configurations of disks with
equal radii is between 52% and 55% (Hinrichsen et al.
1990). This value is within the range of the values calcu-
lated from the cell lines used in these experiments for the
nucleus-to-cell area ratio (between 49%—68%). Further-
more, a packing of 50% of nuclei ensured a reasonable
allocation of computing time. Typically, the computa-
tional time varies exponentially with the number of parti-
cles, which is determined by the size of the ROI and
particle packing. For example, the execution time for
a simulation of particle distribution with a diameter of
15 pm was nearly 2 h on a remote computer cluster.
The execution time for the simulation of another sample,
which contained more particles with a diameter of 8 um,
took approximately 8 h on the same computing platform.
The quantities of interest (frequency-dependent back-
scattering coefficient and differential backscattering
cross section) were computed over a large number of
configurations and their ensemble averages were deter-
mined. For instance, for a cell sample containing parti-
cles with a diameter of 10 um, 800,000 iterations were
sufficient to obtain converging results for each simula-
tion and for a 10 = 8-um sample, 250,000 Metropolis
steps were used. For each sample, the number of itera-
tions was sufficiently large so that the average parame-
ters that characterize the ensemble did not vary
significantly with the number of iterations. This proce-
dure was repeated 25 times for each set of parameters,
and average values of those quantities were obtained.

At least two cases were considered for each average
particle size, e.g., uniform distributions in which all parti-
cles have the same size (CSV = 0) and heterogeneous
distributions in which particles have different sizes
(CSV >0) and followed a Gaussian distribution. It has

been assumed that the area covered by particles remained
constant from uniform to heterogeneous particle size. For
symmetric distributions around the mean, a large vari-
ance—larger than the average particle diameter—can
result in a negative diameter that is unphysical. Conse-
quently, the maximum variance allowed by the simulation
was chosen that the diameter of the smallest particles re-
mained 2-3 um. The frequency-dependent backscattering
coefficients from particle simulations were computed
using eqn (2) and compared with the Percus-Yevick
packing theory to validate the computer code (Fig. 2c).
The density and sound velocity within the scatterer
were chosen as p, = 1180 kg/m3 and ¢, = 1523 m/s,
respectively. Corresponding quantities of the surrounding
medium were taken as p,=1000 kg/m3 and ¢y = 1483
m/s, respectively. These values were chosen because the
Anderson model with this set of values fitted well the
backscattering intensity pattern for PC-3 cells, with a value
of the nucleus-to-cell area ratio of approximately 50%
(Baddour and Kolios, 2007). Since this value of
nucleus-to-cell area ratio is within the range of values of
nucleus-to-cell area ratio measured from the cell lines
used in this study, it was used in the simulations and it
was considered that these values for density and speed
of sound approximated well the density and speed-of-
sound properties of the cell lines used in this study.

RESULTS

In the first part of this section, results from simulation
of 2-D distributions of particles with uniform and hetero-
geneous sizes, respectively, are presented. In the second
part, measurement of ultrasound parameters, qualitative
histological observations, quantitative analysis of cell
death and measurement of cellular sizes are presented.

Simulation

Representative diagrams illustrating 2-D distribu-
tions of nuclei with uniform and heterogeneous sizes are
shown in Fig. 2 (a, b). The nuclei corresponding to cells
with uniform size of 10 um and heterogeneous size of
10 = 8 um, respectively, were randomly positioned in
a rectangular area restricted to a nonoverlapping condi-
tion. In Fig. 2(c), frequency-dependent backscattering
coefficients corresponding to these particle arrangements
are plotted. The backscattering coefficient predicted by
the Percus-Yevick packing theory is also plotted, for
comparison, on the same graph. The backscattering coef-
ficient curve computed from the uniform particle size
distribution was in good agreement with the Percus-
Yevick packing theory within a frequency regime for
which ka << I, where k = 2x/A, A is the wavelength
and « is the particle radius. Because the Percus-Yevick
packing theory is valid in the lower-frequency range, the
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Percus-Yevick curve did not match well with the curve
simulated for monodisperse cells for frequencies larger
than 30 MHz (i.e., ka >0.44). Within the same frequency
range (ka << 1), the backscattering coefficient increased
for the heterogeneous particle size distributions because of
larger particles in the distribution of sizes (Fig. 2¢). Within
this frequency range, the particles behaved more like Ray-
leigh scatterers, with an increase of the backscattering
cross-section with the fourth power of frequency. For
ka =1, the difference between the backscattering coeffi-
cient curves, computed from simulation of uniform and
heterogeneous particle distributions, diminished until
they became equal, then slightly reversed for ka >1. For
heterogeneous particle distributions, the positions of the
maxima and minima were different for different cellular
sizes, resulting in a smoother variation of the backscat-
tering coefficient at these higher frequencies. For instance,
at higher frequencies the oscillatory pattern predicted by

100 150
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the Percus-Yevick packing theory diminished for the
cellular distribution with smaller CSV (10 £ 2 um) and
reduced to an approximately flat curve for the distribution
with largest CSV (10 = 8 um).

The UIB computed from simulation of particle distri-
bution with uniform and heterogeneous sizes over
a frequency range of 10-30 MHz is shown in Fig. 3. As
expected, the UIB increased from —58.4 to —45.0 dB,
with an increase of particle size from 10 to 20 um, for
uniform particle size distributions. The increase in the
variance of particle size resulted in significant differences
(p < 0.001) between UIB measured from distribution with
uniform and heterogeneous sizes for the same average
particle size. The increase to the maximum variance of
particle size had a stronger influence over the increase in
UIB for particles with smaller sizes, e.g., 10-15 um. For
example, the UIB difference between the distribution
with uniform particle size and heterogeneous particle

X (um) X (um)
Cc
10° }
B 10°
E
[6)
W
@
107+ Percus-Yevick
—+--Simulation d=10+0 pm
------ Simulation d=10+2.00um
r —— Simulation d=10+7.94,m
10 : ‘
10' 10°
Frequency (MHz)

Fig. 2. Spatial arrangements of nuclei corresponding to the cells with uniform sizes (a) and heterogeneous sizes (b) distrib-

uted over an area of 250 X 250 um?>. For clarity, spatial arrangements within 250 X 250 um are presented; however, the

backscattering coefficient was computed for 500 X 500-um sample size. (c) Plots of frequency-dependent backscattering

coefficients corresponding to the arrangement from (a) and (b) and the plot of backscattering coefficient predicted by the
Percus-Yevick packing theory for cells with uniform size.



Increased cell size variance contributes to US backscatter in cell death @ R. M. VLAD ef al. 1553

2 3% 1 mmus, csv-o

g ©ZZ uiB, CSV >0

£-40 - 20/12 20/18

3 7

g 17/14 %

S 45 - 1513 py 220

- " h710

3 15/0

T -50 A

()]

9

€ 55 -

©

C 4

=}

5 .60 - I

g ]

- 65 e / . 7 AL
10 um 13um 15um 17 um 20 um

Average cellular size (um)

Fig. 3. Plot of UIB values computed from simulations of particle

distributions with uniform and heterogeneous sizes from 10 to 20

um. The labels at the top of each column-bar represent the
average and variance of cellular size.

size decreased as the average particle size and CSV
increased from 5.3 dB for 10 um (CSV ~8 um) to 3.5
dB for 20 um (CSV ~17.5) um, as represented in
Fig. 3. The maximum variance of particle size was consid-
ered (~(M—2)um) where 2 um represents the minimum
scatterer size allowed by the simulation.

Experimental data

The plot of UIB changes measured from the AML
cell samples exposed to chemotherapy and radiotherapy
as a function of the duration of the exposure to the drug
and the radiation dose is plotted in Fig. 4(a). The UIB
increased by 4.5 to 7.5 dB (p < 0.001), with a maximum
increase after 48-h exposure to the drug for AML cell
lines exposed to chemotherapy, and the UIB increased
by 3.8 to 7.1 (p < 0.001), with a maximum increase at
4-Gy radiation dose for AML cell sample exposed to
radiotherapy.

Histology of AML cell samples control and exposed
to chemotherapy and radiotherapy are shown in Fig. 4(b).
The histology indicated that the control cell sample had
a uniform cell composition with cells of approximately
similar sizes, whereas cell samples exposed to cancer ther-
apies underwent distinct structural changes after cell
death. For instance, the histology of AML cells exposed
to cisplatin presented the characteristics of cell death by
apoptosis characterized by nuclei condensation and frag-
mentation, with a general appearance of smaller cellular
size. In contrast, the histology of AML cells exposed to
radiotherapy exhibited a mix of cell death, apoptosis and
mitotic arrest characterized by enlarged cells and nuclei
(Tannock et al. 2005), with a general appearance of larger
cellular size.

To confirm and quantify different forms of cell death,
measurements of DNA content in cell sample were con-
ducted, in addition to histology (Fig. 4c). Analysis of
DNA content in AML cells treated with chemotherapy
indicated gradual increases in the apoptotic fractions
(from 0.3% at O h to 6.9% at 12 h, 30.8% at 24 h,
42.4% at 48 h and 55.4% at 72 h) depending on the dura-
tion of the exposure to the drug. No significant increases in
mitotic fractions (G,/M) were measured at any of these
time points (Fig. 4c). Analysis of DNA content in AML
cells treated with radiotherapy revealed a mix of cell
death, apoptosis and mitotic catastrophe, with increases
in the apoptotic fractions (from 0.6% at 0 Gy to 6.2% at
2 Gy, 9.2% at 4 Gy, 8.1% at 8 Gy) and mitotic arrested
fractions (from 10.7% at 0 Gy to 27.0% at 2 Gy, 36.4%
at 4 Gy, 36.5% at 8 Gy).

To determine how the sequence of cell death affected
cellular size and the distribution of cellular size, precise
measurements of cellular size distributions were con-
ducted using a Multisizer 3 Coulter Counter (Beckman
Coulter). Cellular size distributions of AML cell samples
before and after exposure to the therapy are presented in
Fig. 5. After cell death, there was an increase in the
number of either smaller particles (consistent with
apoptosis) in cell samples exposed to chemotherapy or
both smaller and larger particles (consistent with the
mix of mitotic arrest and apoptosis) in cell samples
exposed to radiotherapy. UIB values and corresponding
measurements of cellular sizes for all experimental condi-
tions studied for AML cells are presented in Table 2.

The experimental data corresponding to the rest of
the cell lines FaDu, Hep2 and C666-1, i.e., the UIB values,
average and variance of cellular size, relevant fraction
resultant from the measurements of DNA content before
and after radiotherapy, are presented in Table 3. The
UIB increased in FaDu and Hep2 cell samples and did
not increase in C666-1 cell samples after exposure to
radiotherapy (Table 3). The cell samples from these cell
lines (FaDu, Hep2 and C666-1) died predominantly by
mitotic arrest/catastrophe because no apoptotic (sub-Gy)
fractions were detectable and the mitotic arrested cell frac-
tion and polyploidy cell fraction increased after the treat-
ment with 8-Gy radiation dose (Table 3). The average and
variance of cellular size increased, consistent with the
predominant modality of cell death, mitotic arrest/catas-
trophe exhibited by these cell lines after radiotherapy
(Table 3). The CSV in control and treated C666-1 cell
samples was very large: CSV= 26.0 um (M=13.0 um)
and CSV=33.3 um (M=14.7 um), respectively, with
cellular size reaching well beyond 20 um, as shown in
Fig. 5c. The simulation results indicated that within the
frequency range of 10—-30 MHz, ultrasound backscattering
is less sensitive to changes in cellular size for large sizes,
e.g., =20 um (Fig. 3). Therefore, no increase in UIB was
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Fig. 4. The UIB of AML cell samples exposed to cisplatin and radiotherapy, representative H&E staining and correspond-
ing measurements of DNA content of AML cell samples corresponding to the maximum increase in UIB. The ultrasound
data were collected at 48 h after the cell samples were exposed to radiotherapy. (a) The UIB increased for AML cell lines
exposed to chemotherapy by 4.5 to 7.5 dB, with a maximum increase after 48-h exposure to the drug. The UIB increased for
AML cell sample exposed to radiotherapy by 3.8 to 7.1, with a maximum increase at 4-Gy radiation dose. (b) H&E images
of AML-viable samples, illustrating the normal phenotype of these cell lines, AML cell samples exposed to cisplatin for
48 h and AML cell samples exposed to 4-Gy radiotherapy. The white spaces in the staining represent histological artifacts
caused by cell cytoplasm retraction with fixation procedure. These artifacts are typically more pronounced in the tissue
regions presenting advanced cell death. (c) Quantitative measurement of cell death corresponding to the histology from
the upper panel demonstrating increase in apoptotic fractions with no significant change in mitotic arrested cell fractions
for AML cell samples treated with cisplatin, and increases in both apoptotic and mitotic-arrested cell fractions for cell
samples treated with radiotherapy.
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measured for C666-1 cell samples after radiotherapy,
although they exhibited the characteristics of cell death
similar to the other two cell lines (FaDu and Hep-2).

SS is an indicator of effective scatterer size and
a decrease in SS corresponds to an increase in effective
scatterer size when properly corrected for attenuation
(Lizzi et al. 2003). Values of SS computed from AML
cell samples exposed to radiotherapy and chemotherapy,
Hep-2 and FaDu cell samples exposed to radiotherapy,
and the correlation of these results with measurements
of cellular size, have been published previously. For
completeness, a summary of these results is presented
here. The SS calculated for AML cell samples did not
change significantly between the samples treated with
different radiation doses (Vlad et al. 2008), whereas
the SS increased in AML cell samples treated with
chemotherapy (Kolios et al. 2002; Taggart et al. 2007).
The SS decreased for FaDu and Hep-2 cell samples,
consistent with an increase in the cellular size after
radiotherapy (Vlad et al. 2008). The SS computed from
C666-1 cell samples slightly decreased after exposure to
radiotherapy from 0.71 = 0.06 dB/MHz to 0.66 * 0.14
dB/MHz, consistent with an increase in the cellular
size (Table 3).

Table 2. The UIB and cellular size measurements for
AML cell samples

Cell type UIB (dB) = SE Cell size (um) * variance
AML-viable —554+03 103 £ 2.3
AML 2 Gy —-51.6 = 0.6 104 =45
AML 4 Gy —483 + 0.5 92 +£52
AML 8 GY —49.6 = 0.6 9.9 £4.6
AML-viable —54.6 = 0.7 10.6 £ 2.3
AML 12 h —548 = 1.1 10.6 = 2.6
AML 24 h —=50.1 = 1.0 9.6 £ 3.6
AML 48 h —47.1 =0.8 9.6 = 3.5
AML 72 h —=50.1 = 1.2 10.1 = 2.0

DISCUSSION

This study explored a mechanism to explain part of
the increase in ultrasound backscatter measured from
cell samples of four different cell lines that underwent
different forms of cell death after exposure to cancer treat-
ment. The changes in UIB are related to a combination of
intrinsic scatterer properties, e.g., size, number density
and relative acoustic impedance (Lizzi et al. 2003).
Changes in each of these properties happen simulta-
neously during cell death (i.e., increase or decrease of
cellular and nuclear size, increase of CSV, nuclear
condensation and fragmentation), resulting in complex
histological features from which it is difficult to identify
the relative contribution of each type of cellular change
to ultrasound scattering. This paper focuses on under-
standing the contribution of changes in cellular size,
specifically CSV, to ultrasound backscatter. Ultrasound
backscatter increased in cell samples and tissues after
different modalities of cell death (Czarnota et al. 1997,
1999; Kolios et al. 2002; Taggart et al. 2007; Vlad et al.
2005; Vlad et al. 2008, 2009); therefore, it is an
important parameter to consider in noninvasive
detection of cell death using ultrasound methods.

Changes in cellular size, particularly in the CSV,
contributed significantly to the UIB increases, as indicated

Table 3. The UIB, DNA content and cellular size
measurements for Fadu, Hep-2 and C666-1 cell samples

G2M/polyploid Cell size

(%) (mitotic arrest/ (um) =

Cell type UIB (dB) = SE catastrophe) variance

FaDu-viable —50.5 £ 0.7 18.5/1.2 16.6 = 7.5
FaDu 8 Gy —46.3 £ 0.8 32.8/9.5 19.9 £ 19.1

Hep2-viable —523 04 22.1/1.6 174 =54
Hep2 8 Gy —459 * 0.6 37.2/12.0 18.0 = 14.1
C666-1-viable —45.7 *1.2 29.3/3.8 13.0 £ 26.0
C666-1 8 Gy —459 = 0.6 44.7/5.7 14.7 £ 33.3

Three cell samples were considered for each experimental condition.
SE = standard error.

Three cell samples were considered for each experimental condition.
SE = standard error.
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by simulation results (Fig. 3). The increase in CSV had
a stronger influence over the increase in UIB for particles
with smaller sizes, e.g., 10-15 um versus large particle
sizes (e.g., 17 to 20 um). This indicates that the measured
UIB increases depend on choosing an appropriate
frequency bandwidth for data collection and analysis in
report to what is known about the microstructure of the
investigated sample, e.g., cellular and/or nuclear size.
The importance of adjusting the ultrasound frequency
bandwidth to what is known about the structure of the
analyzed sample has also been emphasized by other inves-
tigators (Insana et al. 1990; Oelze and Zachary 2006), e.g.,
the most precise estimates of the scatterer size can be made
when ka ~1. This could explain why no increase in UIB
was measured between C666-1 viable samples with an
initial large CSV (13 = 26 um) and C666-1-treated cell
samples, with a further increase of CSV (14.7 = 33
um). Experimental studies at lower frequencies on these
cell samples would be relevant. However, it would be
very difficult to realize these experiments using lower-
frequency transducers because of the requirement
imposed on the size of the cell sample. This has to be
significantly larger than the cell sample used in this study,
requiring tremendous human and technical resources, as
well as some modification of cell culture protocols. For
example, it takes two weeks to produce enough cells for
a cell sample of 8 X 2 mm (width X height) (Fig. 1b) as
used by the experiments presented in this study.
Interestingly, the tumors grown in mice from
C666-1 cell line and treated with radiotherapy exhibited
significant changes in the ultrasound parameters, i.e.,
UIB increased by 6.5 to 8.2 dB (Vlad et al. 2009) in six
mouse tumors. This is different from the results obtained
in this study, where no significant changes were measured
in the ultrasound parameters after treatment of C666-1 cell
samples. The comparison of the cellular size distributions
from C666-1-viable cell samples and untreated tumors
with similar mean of cellular size revealed that CSV was
six times larger in cell samples than in tumors. Further-
more, the UIB values computed from the C666-1—viable
cell samples were significantly larger (by ~10 dB) than
the UIB values measured from untreated C666-1 mouse
tumors (Vlad 2009), consistent with the findings of this
study. Other investigators (Mamou et al. 2008) have
shown that the estimates of the effective scatterer size
were biased toward values larger than the mean scatter
size for distributions with large variance of particle sizes.
Similarly, SS decreased from 0.57 = 0.04 to 0.44 = 0.07
(Vlad et al. 2008), with increases in CSV and no signifi-
cant change in mean cellular size (Table 3). These indicate
that ultrasound parameters can have different values in
cell samples and tumors with similar average cellular
size but different CSV. Furthermore, samples with distinct
scatterer properties (e.g., M=10um/CSV=8um and
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M=13um/CSV=0um) could result in similar ultrasound
backscatter signatures (Fig. 3). For instance, other studies
(Oelze and Zachary 2006) found that scatterer properties
estimates were not able to distinguish between some
tumor mouse models with different morphological
features in histology. Therefore, a good understanding
of underlying sample morphology and how this is repre-
sented by ultrasound backscatter parameters is necessary
to apply the ultrasound techniques effectively for tissue
characterization.

The SS can be used to characterize the size of the
major scattering structure in tissue as demonstrated previ-
ously (Lizzi et al. 1987, 1992, 2003). Previous work from
Kolios et al. (2002) demonstrated that the SS increased in
AML cell samples that predominantly presented classic
features of apoptosis including cell shrinkage and nuclear
condensation and fragmentation. In contrast, the SS
decreased in cell samples that predominantly underwent
mitotic arrest/catastrophe and did not change in the cell
samples that underwent a mix of apoptosis and mitotic
arrest (Vlad et al. 2008). These changes of SS could be
caused by changes of cellular and/or nuclear sizes during
different modalities of cell death. Potentially, the SS can
be used additionally to UIB as an aid to differentiate the
predominant form of cell death in cell samples exposed
to different types of therapies.

Our previous experimental investigations have indi-
cated that changes in ultrasound parameters are related
to nuclear changes after cell death (Czarnota et al. 1997,
1999; Kolios et al. 2002; Taggart et al. 2007; Vlad et al.
2005; Vlad et al. 2008) because in histology the most
obvious changes were observed in the cell nucleus (e.g.,
nuclear condensation and fragmentation in apoptotic cell
death). Other studies (Mamou et al. 2005, 2008; Oelze
and Zachary 2006; Oelze and O’Brien 2006) using
a spherical Gaussian model to estimate effective
scatterer size indicated that scatterer size estimates were
close to cellular size. The question of whether the cell or
nucleus is the dominant scatterer in cell samples and
tumor tissue is important. However, designing the
proper experiment to investigate this is difficult because
the cell and nucleus are interconnected tightly by
mechanical and biochemical process and their size and
properties change simultaneously during cell death or
other processes (Tannock et al. 2005). For example, qual-
itative observation on histology and quantitative measure-
ments of cellular size distribution from cell samples
exposed to anticancer therapies indicated that both cell
and nucleus changed their size after cell death (Vlad
et al. 2008). Furthermore, the difference between the
cellular and nuclear size is relatively small (i.e., 2 to 5
um difference in the cellular and nuclear diameters for
the cell lines investigated in this study) and the cellular
size for the same cell line can vary within a large range,
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as indicated in this study, using precise measurements of
cellular size. All of these factors increase the difficulty
of precisely attributing the changes in ultrasound parame-
ters to either cell or nucleus. Since both cells and nuclei
could change their properties during the process of cell
death and ultrasound could detect part of these changes
it is less relevant for this work whether the cell or nucleus
is the dominant scatterer at the frequencies of 10-30 MHz.

A Monte Carlo study on ultrasound backscattering
by particles with cell-like properties was used in this study
to demonstrate the effect of an increase in CSV on changes
in UIB. The results obtained from the simulation revealed
that an increase in the variance of particle size in ensem-
bles of randomly positioned particles resulted in an
increase in ultrasound backscatter. The differences in the
backscattering coefficient between the particle distribu-
tion with uniform and heterogeneous size could be
enhanced by choosing the appropriate ultrasound band-
width to increase the sensitivity of cell death detection
using ultrasound methods.

The number of iterations required to generate new
configurations and consequently to determine converging
results of backscattering coefficient (e.g., by taking
ensemble average over those configurations) increased
exponentially with the number of particles; therefore,
the study was limited to 2-D. It would be relevant for
future studies to consider 3-D volumes to investigate ultra-
sound backscattering. Also, the effect of randomization on
ultrasound backscattering will be of interest in future
studies, because the organization of scatterers can poten-
tially influence the changes in UIB as documented for
red blood cells (Cobbold 2006; Mo et al. 1994;) and
point scatterers (Hunt et al. 1995, 2002). The long-term
goal of this work is to provide an estimate of the
percentage of cells responding to the cancer treatment.
Therefore, understanding the effect and contribution of
each of the cellular changes to ultrasound parameters is
important for this type of quantitative assessment. It can
be realized by considering multiple factors in the simula-
tion, hence, providing a more comprehensive framework
to closely match the experimental conditions.

This study indicated that changes in cellular size,
specifically increase of CSV after cell death, had a signif-
icant contribution to changes in ultrasound backscattering.
This could have important implications for ultrasound
characterization of cell death and tissue characterization
in general, because CSV increase is common to different
forms of cell death (i.e., apoptosis, mitotic arrest/catas-
trophe, the mix of apoptosis and mitotic arrest/catas-
trophe). Ultrasound methods can be used to characterize
early tumor responses to anticancer therapies in preclin-
ical settings, and potentially in clinical settings
(Banihashemi et al. 2008; Vlad et al. 2009). Unlike
other imaging modalities for treatment monitoring, e.g.,

dynamic contrast-enhanced magnetic resonance imaging,
single photon emission computed tomography and posi-
tron emission tomography, ultrasound does not require
injections of contrast agents. The key advantage of the
technique is that the image contrast and changes in UIB
and SS are caused by changes in physical properties of
cells undergoing death and, hence, responding to therapy.
Finally, the results suggest that choosing an investigation
frequency bandwidth based on what is known about the
microstructure of the investigated sample could increase
the contrast of ultrasound images and sensitivity of ultra-
sound parameters, therefore increasing the effectiveness
of ultrasound methods to detect cell death.
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