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Abstract—We investigate the use of signal envelope statistics to monitor and quantify structural changes during
cell death using an in vifro cell model. Using a {/2.35 transducer (center frequency 20 MHz), ultrasound
backscatter data were obtained from pellets of acute myeloid leukemia cells treated with a DNA-intercolating
chemotherapy drug, as well as from pellets formed with mixtures of treated and untreated cells. Simulations of
signals from pellets of mixtures of cells were generated as a summation of point scatterers. The signal envelope
statistics were examined by fitting the Rayleigh and generalized gamma distributions. The fit parameters of the
generalized gamma distribution showed sensitivity to structural changes in the cells. The scale parameter showed
a 200% increase (p < 0.05) between untreated and cells treated for 24 h. The shape parameter showed a 50%
increase (p < 0.05) over 24 h. Experimental results showed reasonable agreement with simulations. The results
indicate that high-frequency ultrasound signal statistics can be used to monitor structural changes within a very
low percentage of treated cells in a population, raising the possibility of using this technique in vivo. (E-mail:
mkolios@ryerson.ca) © 2005 World Federation for Ultrasound in Medicine & Biology.

Key Words: Tissue characterization, High-frequency ultrasound, Envelope statistics, Generalized gamma, Ray-
leigh, Treatment monitoring, Cell/nucleus structure, Ultrasonics, Acute myeloid leukemia, Computer simulation.

INTRODUCTION

It has previously been shown that high-frequency ultra-
sound (HFUS) is sensitive to the structural changes that
occur in acute myeloid leukemia (AML) cells during
apoptosis, a form of programmed cell death. These struc-
tural changes, including nuclear condensation, nuclear
fragmentation and other changes, produce a marked in-
crease in the integrated backscatter (IB) signal amplitude
and changes in the frequency-dependence of the power
spectra (Kolios et al. 2002, 2003; Czarnota et al. 1997,
1999, 2002). It has been possible to differentiate nonin-
vasively between dying and viable cell populations in
vitro and in vivo based on these changes in IB. Although
the limited penetration depth of HFUS restricts its use to
superficial sites, this technology could prove valuable for
the evaluation of the response to therapy of superficial
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tumors, allowing for an early determination of the treat-
ment efficacy. This rapid assessment of treatment re-
sponse could potentially allow for therapy modification
to treat the disease better, sparing the patient population
from unnecessary comorbidity.

Making the distinction between viable and dying
cells in vivo is more difficult than in vitro because the
changes that occur in cell and tissue structure can affect
the IB in multiple ways. As an alternative technique for
monitoring cell death in vivo, we have investigated the
statistics of the envelope of HFUS backscatter signals for
information related to changes in cellular structure.
Changes to the scatterer cross-section and spatial ar-
rangement are predicted to affect the statistics of the
signal envelope. The technique of envelope statistics
analysis has been applied experimentally to tissue clas-
sification using lower-frequency ultrasound (US). Shan-
kar et al. (1993, 1996, 2001, 2003) and Molthen et al.
(1995, 1998) demonstrated its use for differentiating
masses in breast tissue and Hao et al. (2001a, 2001b,
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2002) demonstrated its use for differentiating between
infarcted and viable tissue in the heart. Recently, and at
higher frequencies, it has also been applied to tissue
classification of skin by Raju and Srinivasan (2002) and
Raju et al. (2003). In this work, we have applied this
technique to the task of monitoring pellets of AML cells
treated for different times with cisplatin. To determine
the sensitivity of this technique, we examined pellets
formed with mixtures of treated and untreated AML
cells. The pellets are formed by centrifuging cells to form
a compacted aggregate of cells. The cells are packed
closely together, emulating the cell packing in tissues.
The HFUS backscatter from cell pellets is, therefore,
similar to that from cancer tissues.

Theory

A HFUS backscatter signal is composed of contri-
butions from many individual scatterers. Each scatterer
contributes an amplitude and a phase to the received
signal. This can be modeled by eqn (1) (Raju and Srini-
vasan 2002):

n
re-"'=2rief9i. (1)
i=1

The amplitude and the phase (r; and 6;) contribution from
each scatterer is determined by its position, size and
acoustic properties. Because there is a statistical distri-
bution of these properties, the amplitude and phase (r and
Y) of the received signal will also have a probability
distribution.

Numerous probability density functions (PDFs)
have been proposed to describe the statistics of ultrasonic
backscatter (Dutt and Greenleaf 1994; Narayanan et al.
1994; Shankar et al. 1996; Raju and Srinivasan 2002).
We investigated the use of two of these distributions, the
Rayleigh distribution (Strutt 1880) and the generalized
gamma (GQ) distribution (Stacy 1962).

The Rayleigh distribution was chosen because it is
often used as a basic model of the statistics of US
backscatter. The GG distribution was chosen because
recent work by Raju and Srinivasan (2002) has shown it
to provide a good fit to experimental HFUS backscatter
data and, in our initial investigations (Tunis 2005; Tunis
et al. 2005), it showed good sensitivity to the changes
that occur in cell death.

The Rayleigh PDF, often used as a simplified de-
scription of the statistics, is based on three assumptions.
First, the scatterers are much smaller than the wave-
length. Second, the resolution cell of the US system, in
this case of lateral dimension 250 wm and axial 140 wm,
contains a large number of scatterers. Finally, the scat-
terers are located randomly in the medium. Because we
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are dealing with pellets of cells, where the cells are
compacted side-by-side, it can be speculated that the
major acoustic interface is the cytoplasm nucleus bound-
ary. Experimental evidence suggests that, at high fre-
quencies, the nucleus is the primary scatterer (Czarnota
2002; Beaulieu et al. 2002).

In the AML cells used, the nucleus was approxi-
mately 9 wm in diameter, smaller than the wavelength
range of 50 to 150 wm. Furthermore, if one assumes that
there is one scatterer per cell, then there are approxi-
mately 4600 scatterers per resolution volume. However,
there is some inherent degree of organization of the cells
within a pellet, making it not a completely random me-
dium. The Rayleigh PDF is given in eqn (2).

p(r) = ée%ﬁ (2a)
r=0, >0 (2b)

where the probability, p, of a Rayleigh-distributed signal
having an amplitude r is a function of the scale param-
eter, o, which represents a measure of the mean signal
amplitude.

The GG PDF was first proposed by Stacy (1962). Its
application to modeling US signals was proposed inde-
pendently by Raju and Srinivasan (2002) and Shankar
(2001). The GG PDF is given in eqn (3).

_ e 3
p(r) - acvl"(v)e a ( a)

r=0,a=0,v=0,c=0 (3b)

where T'(v) is the incomplete gamma function, a is the
scale parameter, which is related to the mean of the PDF,
and ¢ and v are two shape parameters, representing the
positions of the left and right tails of the PDF, respec-
tively.

The GG PDF is equivalent to a number of other
PDFs as special cases, including the Rayleigh when ¢ =
2 and v = 1. The GG PDF is very similar to the
generalized Nakagami PDF proposed by Shankar (2001)
to model US statistics. In the context of the generalized
Nakagami PDF, Shankar has proposed that the scale
parameter (a) is a measure of average backscattered
power and can be related to the average scatterer cross-
section (Shankar 2001b). As described by Hunt et al.
(2002), the average backscattered power is dependent on
both the geometrical cross-section and scatterer organi-
zation and, therefore, the a parameter reflects both.
Based on the interpretation proposed by Shankar (2001),
the shape parameters of the GG PDF (c and v) relate to
the scatterer number density. The ratio of the two pa-
rameters, c/v, can be used as an estimate of effective
scatterer number density.
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Fig. 1. (a) Schematic showing positioning of the transducer over the cell pellet. The transducer was scanned linearly

across the pellet to acquire images and RF data from slices through the pellet. (b) The JAVA program allows for

selection of a homogeneous ROI within saved data. The box (4.22 X 1 mm) shows selected region; (—) the transducer
focus; (vertical lines) positions where RF lines were acquired.
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Recent experimental evidence indicates that, in the in After the HFUS data acquisition, the pellets were
vitro model of cells in suspension at low volumetric con- fixed in 10% formalin solution (Fisher Scientific, Ne-
centrations, with this interpretation of the parameters the pean, ON, Canada) for a minimum of 2 days. The fixed
GG PDF does apply to a biologic model (Tunis 2005). pellet of cells was carefully removed from the pellet
However, it remains speculative as to whether this interpre- holder and placed in a dish of agar gel, to preserve the
tation holds for high concentrations of cells or cell pellets. shape of the pellet. The pellet was sectioned and placed

in a cassette for paraffin embedding, so that the mic-
METHODS rotome sections were taken from the same plane as the

HFUS images. The sections were stained with hematox-
ylin and eosin (H&E) to examine cell packing in the
pellet and morphology changes in the cells. Visual in-
spection of the histology of the pellets of mixtures indi-
cated a uniform distribution of treated and untreated cells
in the pellet. Both experiments were repeated to test for
reproducibility, the time-course 4 times and the mixture

Cell preparation

AML cells were cultured at a density of 3 X 10°
cellssmL in « minimum essential medium (GIBCO
11900, Rockville, MD, USA) supplemented with 5%
fetal bovine serum (Cansera International, Etobicoke,
ON, Canada) at 37 °C. Cells were treated for 0, 3, 6, 9,
12, 18, 24 and 48 h with 10 ug/mL of cisplatin in the

. . . twice.
timed exposure experiment. The cells were then spun in
a swinging bucket centrifuge for 10 min at 2000 g, to
form pellets. The pellets are a compacted aggregate of Data acquisition
cells, emulating the cell packing in tissues. HFUS data Data were acquired using a commercial HFUS
and images were acquired within 10 min of pellet for- scanner (VS-40B, VisualSonics Inc., Toronto, ON,
mation. Canada) with a focused transducer manufactured by
To investigate the sensitivity of the signal statistics VisualSonics (f-number 2.35, focal length 20 mm,
to changes in a small percentage of a cell population, center frequency 20 MHz, band width 100%). The
pellets of mixed populations of cells were prepared. In pellet container was affixed to the bottom of a plastic
the first experiment, the cells treated for 24 h showed dish using vacuum grease and phosphate-buffered sa-
pyknotic nuclei and a maximum increase in IB of ~ 13 line (PBS) was used as a coupling medium to the
dB was seen at approximately 24 h (Figs. 3 and 5). We transducer (Fig. 1). B-scan images and radiofrequency
similarly prepared the AML cells and treated some for (RF) data (A-scans) were recorded from independent
24 h with 10 pwg/mL of cisplatin. This time, the treated locations separated by at least one beam width (250
cells were mixed with untreated cells to form mixtures pm) within the pellet. The B-scan images were re-
containing 0%, 2.5%, 5%, 10%, 20%, 40%, 60%, 80% corded in real time and the RF data were acquired over
and 100% treated cells. The mixtures were then spun in a period of approximately 2 to 3 min. To minimize any
a swinging bucket centrifuge for 10 min at 2000 g to motion of the pellet induced by the transducer oscil-
form pellets and HFUS data and images were acquired lation, the transducer was located a significant dis-
within 10 min of pellet formation. It should be noted that tance from the pellet (approximately 1.5 to 2 cm)
not all the treated cells respond to the treatment; there- during the imaging. Also, when recording B-scan im-
fore, the percentages represent an upper bound to the ages, images were recorded during both forward and

concentration of treated cells. reverse sweeps of the transducer. During this process,
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no noticeable motion was detected between forward
and reverse frames, indicating that there was minimal
motion of the cell pellet. Using custom software writ-
ten in JAVA (JDK 1.4.1, Sun Microsystems, Inc.,
Santa Clara, CA, USA), RF data were extracted from
a relatively homogeneous region-of-interest (ROI)
within the stored data. The focus of the transducer was
positioned 1.5 mm below the surface of the pellet. The
ROI was selected to be from 0.5 mm above the focus
to 0.5 mm below the focus (Fig. 1). This is well within
the depth of field (3.12 mm), so that the decrease in
signal over the 1-mm ROI would be primarily because
of attenuation. To correct for this, the attenuation in
dB/mm was determined as the decrease in mean signal
envelope over the 1-mm depth. Using this attenuation
value, the data were corrected for attenuation by ap-
plying depth-dependent amplification. The envelope
statistics were analyzed both with and without the
attenuation correction, yielding the same trends (data
not shown).

Simulations

Simulated RF data sets were generated to model
the scattering of HFUS from cells in vitro using the
method of Hunt et al. (1995, 2002). The model simu-
lated the backscatter signals for a pellet of cells,
assuming that the signals are formed only from cellu-
lar nuclei (Czarnota et al. 2002; Hunt et al. 2002). A
range of scatterers was explored in these basic simu-
lations, but all assumed that similar scattering occurs
during the treatment of each cell. The simplified model
is presented in Fig. 2, for 16 point scatterers in a
slightly random distribution. As the cell is treated, the
nucleus goes through a series of structural changes, as
shown in Fig. 2. This is modeled as a reduction in the
size of the nucleus. The primary effect of this process
is an increase in the randomization of the locations of
the scatterers, leading to a general increase in back-
scattered signal (Hunt et al. 2002).

The simulation was performed in two dimensions,
with the actual system and transducer properties being
incorporated into the modeling of the received signal.
The simulated signal was scaled by a constant value to
make the IB of an untreated pellet the same for the
simulated and the experimental data. For the current
study, the pellets were modeled as a mixture of untreated
cells with treated cells. Based on the observed histology
(Figs. 3 and 7), the treated cells were modeled as having
a nuclear diameter equal to 40% of the cell’s diameter,
while untreated cells were modeled with a nuclear diam-
eter equal to 90% of the cell’s diameter. Simulations
were performed corresponding to the range of propor-
tions of treated and untreated cells used in the experi-
ments.
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Fig. 2. Schematic of cells treated with cisplatin, showing (top
row) reduced size of the nucleus. As the cell dies, the nuclear
volume (black) condenses. This results in an increase in ran-
domization of positions of the nucleus within the cytoplasm
(grey). The model of Hunt et al. (2002) was used for the
simulation. (bottom row) The nucleus is modeled in 2-D as a
set of 16 point scatterers constrained to a region defined as the
nucleus.

Data analysis

Based on the RF data selected from the ROI, PDF fit
parameters were determined using an implementation of
the maximal likelihood estimation (MLE) routine (Mat-
lab 6.1, The MathWorks Inc., Natick, MA, USA). The
MLE routine maximizes the log-likelihood function of
the distribution for the given data set.

The goodness of fit of the two distributions was
evaluated by the Kolmogorov—Smirnov (KS) goodness-
of-fit test (Patel et al. 1976; Stephens 1970). This test is
based on the maximum deviation between the theoretical
cumulative density function (CDF) and the empirical
CDF. The KS value can be used to assess the validity of
the assumptions made in the Rayleigh distribution for the
data in question.

As a measure of the signal amplitude, the midband
fit of the normalized power spectrum was calculated
(Lizzi et al. 1983, 1997; Kolios et al. 2002). The average
power spectrum was determined by calculating the Fou-
rier transform of each RF line within the ROI, then
averaging the spectra of multiple lines. The average
power spectrum was then divided by the spectrum of a
reflection off a quartz flat, to remove system effects and
to determine the normalized power spectrum. A straight
line was fit to the normalized power spectrum using
linear regression analysis and the midband fit was deter-
mined as the value (dBr) of the line at the center fre-
quency of the transducer.
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Fig. 3. (a)—(d) Light microscopy (40 X magnification) of H&E-
stained sections of pellets of AML cells treated for 0, 12, 18
and 24 h with cisplatin. (e)—(h) B-scan images of the same
pellets with a 20-MHz {/2.35 transducer. FOV is 8 mm by 8
mm; pellet = speckled region in center, hyperechoic line across
the bottom is the plastic pellet container; sides of the pellet
container are visible in top corners. The pellet shows a marked
increase in intensity as it is treated longer.

- (e)

RESULTS

Time exposure

As the cells were exposed to cisplatin, a series of
changes to the structure of the cell and its nucleus were
observed (Fig. 3). These included condensation of the
nuclei, stained dark in Fig. 3, a classic sign of several
forms of cell death. At the early time points where there
were no visible changes in histology, no changes were
apparent in the HFUS signal. When cells were treated for
longer periods of time, there were visible changes in
histology and a marked increase in the backscattered
intensity, with a maximum increase of approximately 13
dB between the untreated sample and the sample treated
for 24 h. The marked increase in IB is also apparent in
the change in the scale of the histograms of HFUS data
(Fig. 4). At all exposure times, the Rayleigh and GG
distribution both provided reasonable fits to the data, as
determined by the KS goodness-of-fit parameter. Al-
though not statistically significant, the GG distribution
provided a better fit, with KS values being approximately
half the Rayleigh distribution KS values. No significant
trends were observed with increased exposure time (Ta-
ble 1).

The GG a parameter increased consistently for the
samples treated from O through 24 h, for all the experi-
ments performed (Fig. 5). The GG c/v parameter shows
large variability between the four experiments in the
values for samples treated for a short time, up to 12 h,
although all the experiments show an increase over the
period from 12 to 24 h (Fig. 6). The increases in both a
and c/v between 0 and 24 h were significant (p < 0.05).
This increase in ¢/v may be interpreted as an increase in
number density between 12 and 24 h, based on an inter-
pretation proposed by Shankar (2001). The treated cells
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Fig. 4. Histograms of amplitude of the envelope of HFUS data
acquired from pellets of AML cells treated for 0, 6, 18, 24 and
48 h with cisplatin. Histograms are normalized to an area of one
to allow comparison between histograms. The dramatic change
in scale corresponds to an increase in backscatter intensity.
There are also more subtle changes to the shapes of the histo-
grams as cells are treated longer, as indicated by changes in the
c/v parameter.

are slightly smaller, which may contribute to an increase
in scatterer number density.

Mixture of treated and untreated cells

To evaluate the sensitivity of the HFUS signal sta-
tistics to a low percentage of treated cells within a pellet,
pellets containing a mixture of treated and untreated cells
were prepared. As previously, the most striking visual
change was the condensation of the nucleus, clearly
visible in the H&E-stained sections of pellets (Fig. 7).
The histology also demonstrates that the treated cells are
mixed uniformly throughout the pellets.

The corresponding B-scan images show an increase
in the backscatter intensity for pellets containing a higher
concentration of treated cells. Despite logarithmic com-
pression, an increase in brightness is visible between the
B-scans of pellets formed with 0% and 2.5% treated cells

Table 1. KS goodness-of-fit parameter for the Rayleigh and
generalized gamma distribution fits to data from untreated
AML cells and AML cells exposed to cisplatin for 24 h

Treatment time (h) Rayleigh GG
0 0.02 £ 0.01 0.011 = 0.004
24 0.014 = 0.01 0.006 * 0.004

Values represent the mean of four experiments, with SDs between
the experiments. Although there is a slight increase in the goodness-
of-fit from O to 24 h (decrease of the KS values), the changes are not
significant.
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Fig. 5. The GG a parameter with 95% confidence intervals (left
hand axis) along with midband fit and SDs (right hand axis) for
HFUS data from cells treated with cisplatin. Values are the
mean of four experiments at 0, 3, 6, 12 and 24 h of exposure
and the mean of two experiments at 9 and 48 h of exposure.

(Fig. 7), corresponding to a 3-dB increase in the midband
fit. As the percentage of treated cells in the pellet in-
creased, the signal intensity increased, producing large
changes in the shape of the histogram of signal amplitude
(Fig. 8). Based on the KS goodness of fit, the Rayleigh
and GG distributions both provided reasonable fits to the
empirical and simulated data for all mixtures of treated
and untreated cells. Again, the GG provided a better fit
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Fig. 6. The GG c/v parameter with 95% confidence intervals for
HFUS data from pellets of cells treated for 0 to 48 h with
cisplatin. Values are the mean of four experiments at 0, 3, 6, 12
and 24 h of exposure and the mean of two experiments at 9 and
48 h of exposure. There is large variability at early time-points
between the four experiments, with a consistent increase be-

tween 12 and 24 h.
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Fig. 7. (a)—(d) Light microscopy (40 X magnification) of H&E-
stained sections of pellets formed with mixtures of untreated
and (a) 0%, (b) 2.5%, (c) 20% and (d) 100% cisplatin-treated
AML cells (24 h exposure). (e)—(h) B-scan images of the same
pellets with a 20-MHz £/2.35 transducer. The FOV is 8 mm by
8 mm, pellet is speckled region in center, hyperechoic line
across bottom is the bottom of the plastic pellet container; sides
of pellet container are visible in top corners. There is a signif-
icant increase in intensity as the percentage of treated cells is
increased, even between the pellets formed with 0% and 2.5%
treated cells.

and there were no significant trends in the KS values
with mixture composition (data not shown).

The GG scale parameter (a) increased as the per-
centage of treated cells increased, corresponding to an
increase in the midband fit of approximately 12 dB (Fig.
9). The GG a parameter for the simulated data shows a
similar trend. The shape parameter (c/v) shows a gener-
ally increasing trend, as the percentage of treated cells
increases (Fig. 10). The increases in both a and c/v
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Fig. 8. Histograms of the amplitude of the envelope of HFUS
data acquired from pellets of cells formed with varying mix-
tures of AML cells treated with cisplatin. Histograms are nor-
malized to an area of one to allow comparison between histo-
grams. The dramatic change in scale corresponds to an increase
in IB; there are also more subtle changes to the shapes of the
histograms as the concentration of treated cells increases.
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agreement between cell pellet data and simulated data, with
similar increases as the concentration increases from 0% to
100%.

between pellets containing 0% and 100% treated cells
were significant (p < 0.05). Although the GG a param-
eter is sensitive to the scaling applied to the simulated
data to make the amplitude of the simulated signal equal
to the amplitude of signals from the experiments, the GG
c/v parameter is independent of this scale factor. There is
reasonable agreement between the shape parameters of
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Fig. 10. The GG c/v parameter, with 95% confidence intervals
for HFUS data from cell pellets and simulations. Values are the
mean of two experiments at all concentrations except 40% and
60%, where there is only one experiment. There is general
agreement between cell pellet data and simulated data.

the experimental data and the simulated data, with both
showing similar values.

DISCUSSION

High-frequency US data were collected from pellets
of AML cells treated for different times with cisplatin.
To assess the lower limit of detection of cell death,
HFUS data were also collected from pellets containing
mixtures of treated and untreated AML cells. The pellets
provide a reasonable model for HFUS backscatter from
solid tumors. Results from current investigations indicate
that the backscattered power spectra and envelope statis-
tics of pellets of non-Hodgkin’s lymphoma cells and the
implanted non-Hodgkin’s lymphoma tumors are similar.
Simulated data were generated to model the data ac-
quired from pellets containing a mixture of cells, based
on the assumption that the cell nucleus is the primary
scatterer, as indicated by recent experimental evidence
(Czarnota 2002; Beaulieu et al. 2002).

Signal envelope statistics of the data were analyzed
by fitting the Rayleigh and GG PDFs using the MLE
parameter estimation technique. Based on the KS good-
ness-of-fit test, both PDFs provide fairly good fits to the
cell pellet data. Although the difference between the
goodness of fit of the two distributions was not statisti-
cally significant, the GG distribution provided a consis-
tently better fit than did the Rayleigh distribution. This
was true for both the experimental and simulated data.
This leads to a question of whether or not the assump-
tions made to derive the Rayleigh distribution are valid.
Because the cell size is smaller than the wavelength (15
pm vs. 75 wm) and because there are approximately
4600 cells per resolution volume, the least convincing of
the assumptions is the requirement that the scatterers be
at random locations. As can be seen in the histology, the
organization of the cells in the pellet could be described
as being a set of spheres packed together. Because the
cells are not identical spheres, the pellet is not a perfect
lattice but there is, nonetheless, some degree of order in
the pellet. This regular spacing within the pellet may
result in the Rayleigh distribution providing a poor de-
scription of the true statistics. Surprisingly, however,
there was no statistically significant trend in the good-
ness of fit of the Rayleigh distribution for either the
timed exposure or for the mixtures of treated and un-
treated cells. One might expect an increased goodness of
fit for the pellets formed with treated cells, caused by
increased apparent randomization.

The GG a parameter was greater for cells treated for
a longer time with cisplatin. The ratio of the shape
parameters (c/v) of the GG distribution also shows a
consistent increase from 12 to 24 h. The a parameter of
the GG distribution was greater for pellets with a higher
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concentration of treated cells. The ratio of the shape
parameters (c/v) of the GG distribution showed a slight
increase with higher concentrations of treated cells.
There was reasonable agreement between the parameters
for the cell data and the simulated data.

It has been proposed that the ratio c¢/v can be related
to effective scatterer number density, based on simula-
tions and work in phantoms (Shankar 2001) and exper-
iments with solutions of low volumetric concentrations
of cells in vitro (Tunis 2005). However, it remains un-
clear as to what could cause an increase in effective
number density in AML cells treated with cisplatin. As
stated previously, the majority of our experimental evi-
dence points to the nucleus as the primary scattering
source in pellets (Czarnota 2002; Beaulieu et al. 2002).
Although the structure of the nucleus does change dra-
matically during treatment with cisplatin, the spacing
between nuclei and, hence, the number density seem to
remain fairly constant, as evidenced by the histology. A
similar increase was seen in c¢/v with the simulated data,
where number density is definitely constant; the only
change is the increased randomization of treated cells
compared with untreated. This implies that, perhaps, the
randomization of the scatterers affects the effective num-
ber density as determined by the ratio of the GG param-
eters c/v.

All three GG fit parameters showed large changes
for pellets formed with between 0% and 20% treated
cells. A very large increase was observed in the a pa-
rameter between 0% and 2.5%, with continual increases
up to 20%, and the ratio c/v showed large fluctuations
over the range from 0% to 20%. The similar trends
observed in the simulated data over this range, again,
imply that randomization is important in determining the
nature of backscattered US; however, the discrepancies
do illustrate that there are complexities that must be
addressed in the model. Although we do not fully under-
stand the cause of the sensitivity to changes in a small
percentage of cells, these results are promising, because,
clinically, there may be a very low percentage of cells
responding to treatment at any one time. It is, thus,
necessary to be able to detect changes within a small
percentage of a population of cells.

We are currently performing experiments further to
investigate the effects of randomization and number den-
sity on the envelope statistics. Suspensions of cells pro-
vide a system with increased randomization compared
with a pellet system. HFUS backscatter signals from
suspensions and pellets of cells of varying sizes indicate
that number density and randomization both affect the
statistics. The results indicate that, as predicted by Shan-
kar (2001), the ratio c/v is related to number density for
dilute suspensions of cells, irrespective of cell diameter
(Tunis 2005). We are also investigating the application
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of this technique in vivo using two animal models, mouse
mammary tissue during the involution process and the
response of implanted non-Hodgkin’s lymphoma tumors
to chemotherapy treatment. Results from the animal ex-
periments as well as preliminary results from a clinical
trial, where we have collected HFUS data from superfi-
cial tumors during treatment, indicate that HFUS can be
used to monitor structural changes in cells in vivo (Tunis
et al. 2004; Tunis 2005).

CONCLUSIONS

Previous work has demonstrated that signal statis-
tics of backscattered US can be used for tissue charac-
terization. It has been shown that the statistics are af-
fected by macroscopic differences in tissue structure,
such as between benign and malignant breast tumors
(Shankar et al. 2001, 2003) or between skin tissue from
different regions (Raju and Srinivasan 2002). It has also
been shown that, in phantoms (Shankar 2001; Dutt and
Greenleaf 1994), there is a relationship between the
statistics and the scattering interaction. Our previous
work has shown that the changes that occur during cell
death affect the backscattered US intensity and fre-
quency content (Kolios et al. 2002, 2003; Czarnota et al.
1999, 2002). The results of this investigation demon-
strate that HFUS signal statistics are also affected by the
changes at a subcellular level that occur during cell
death.

The shape parameters of the GG distribution are
sensitive to structural changes within cells. The agree-
ment between the simulated and experimental data sug-
gests that the randomization of the positions of scatterers
is an important factor in determining the shape parame-
ters of the GG distribution. The GG fit parameters were
also shown to be sensitive to a small percentage of
treated cells within a pellet. Changes in the parameters,
as well as the midband fit, were observed between pellets
of untreated cells and pellets containing 2.5% treated
cells. This demonstrates that this technique could be
applicable in a clinical setting, where it would be neces-
sary to detect changes that may occur in a small percent-
age of the cells in the tissue.

The changes observed in the HFUS signal statistics
provide further insight as to how the structural changes
that occur during cell death affect backscattered HFUS
signals. This technique shows promise for its ability to
monitor structural changes in populations of cells during
cell death.
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