Ultrasound detection of cell death

Ultrasound has been used to detect tissue pathology since the 1960s. Although early studies were limited
in terms of their appreciation of biology and the physics of ultrasound backscatter as it related to the
biology of cell death, recent investigations combining rigorous and well-controlled biological
experimentation and quantitative ultrasound methods have provided valuable information. Studies
indicate that ultrasound may be used to detect and potentially quantify cell death in vitro, in situ and
in vivo at conventional ultrasound frequencies, higher ultrasound frequencies and using ultrasound
microscopy. These studies point to an important role of the cell’s nucleus and its configuration in the
formation of ultrasound backscatter in addition to cellular morphology.
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Cell death history

Ultrasound is now one of the most common
imaging modalities worldwide since it can pro-
vide good spatial and temporal imaging reso-
lution at a reasonable cost. In the several dec-
ades following the introduction of ultrasound,
it has become one the most popular forms for
imaging human anatomy in the world. Close
to 25% of all imaging procedures are based on
ultrasound [1]. However, ultrasound can be sus-
ceptible to subjective operator dependence and
has relatively poor inherent soft-tissue contrast.
Therefore, developments in the field of ultra-
sound imaging are focused on technological
improvements to improve signal-to-noise ratios
or on the use of new techniques to increase soft-
tissue contrast, such as microbubble contrast
agents [2-4], elastography [5.6], applied radiation
force imaging [7.8] and shear wave imaging [9,10].
One way to achieve operator independence is by
performing quantitative analysis of backscatter
data prior to image formation. This type of ana-
lysis forms the basis of classical ultrasound tissue
characterization [11-20]. Research on the ultra-
sound detection of cell death can be considered
a form of tissue characterization and is based
on two premises: as the ultrasound wavelength
approaches the size of the cell, the tissue scat-
tering characteristics are more sensitive to cel-
lular structure and morphology; and during the
process of cell death, during cancer treatment,
dramatic changes in cell structure may give rise
to a large ultrasound contrast between regions
of responding and nonresponding cells.

It has been known since the late 1950s that
ultrasound is sensitive to tissue changes that
occur upon tissue degradation. Several inves-
tigators have examined the changes in ultra-
sound tissue properties during tissue decay
(and presumably cell death). For example, in
Carstensen’s article [21] on the mechanisms of
ultrasound absorption that was published in
1960, it is reported that Hueter [22] found that
absorption in freshly excised tissue was approxi-
mately ten-times higher at 1 MHz than freshly
excised liver (Feure 1). Conversely, Bamber et al.
found that ultrasonic attenuation of mamma-
lian organs is relatively insensitive to tissue deg-
radation following excision (for up to 5 days),
but ultrasound backscatter decreased after 24 h
with the changes possibly beginning at the time
of excision [23]. At clinical frequencies, Mimbs
et al. found that a significant increase in inte-
grated ultrasonic backscatter was correlated to
cardiomyopathic changes caused by prolonged
administration of doxorubicin [24]. Using much
higher frequencies, O’Brien found that normal
and infarcted myocardium differed in their
properties; the attenuation coefficient of nor-
mal myocardium was significantly greater than
that of infarcted myocardium and a significant
increase in backscatter was observed [25]. Most
of these early studies were focused at the tissue
and organ level. The advent of high-frequency
ultrasound later permitted the study of scatter-
ing from smaller cell ensembles. Sherar ez al.
found that ultrasound backscatter increased in
the necrotic centers of spheroids (Ficure 2) [26],
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Figure 1. Absorption of sound as a function of frequency for fresh whole
liver (dark gray), ‘aged’ for 2 days (light gray) and the same aged liver
homogenized for 1 h (X). A significant drop of attenuation was measured
following 2 days of liver ‘aging’.
Adapted with permission from [21] © (1960) IEEE.

whereas Berube ¢z a/. expanded on these studies
to look at the effects of nitromidazoles in mut-
licellular spheroids [27). This was the first work
that indicated that high-frequency ultrasound,
with wavelengths approaching the size of the
cell, was sensitive to the structural changes that
cells undergo during cell death and, unbeknown
to the authors at the time, possibly apoptosis.

Quantitative ultrasound for cell
death detection
The use of high-frequency (25-40 MHz) ultra-
sound to detect apoptotic cell death was first
demonstrated by Czarnota and Kolios using a
well-controlled system 77 vitro (Ficure 3). In that
study living cells, dead cells and cells that had
died by programmed cell death or apoptosis were
differentiated on the basis of their echogenic-
ity. The study indicated increases in backscatter
associated with different forms of cell death that
were most prominent with apoptotic cell death.
Leukemia cells treated with the chemothera-
peutic drug cisplatinum undergoing apoptosis
demonstrated a 16-fold increase in backscatter
after 24 h of exposure in that study [23].
Further research has established the use of
high-frequency ultrasound to detect cell death in
tissues ex vivo and in live animals, and provided

a potential morphological link explaining the
associated imaging changes with further experi-
mentation iz vitro. Mouse brain tissue where
apoptosis had been induced by photodynamic
therapy (PDT) was imaged ex vivo, indicating
spatially coincident increases in high-frequency
ultrasound backscatter. Similarly, in skin,
where apoptosis had been induced by PDT,
comparable increases in ultrasound backscatter
were demonstrated.

In vitro experiments that relied on drugs to
induce nuclear condensation by arresting cells
in the metaphase of mitosis (colchicine) have
indicated a role for the condensation of the cell’s
nucleus in backscatter increases. Furthermore,
subsequent enzymatic digestion of that con-
densed nuclear material using DNase results in
a normalization of backscatter, further support-
ing a working hypothesis that nuclear configura-
tion could alter backscatter from cells and tissues
(Ficure 3) [29]. Nuclear structure has subsequently
been linked to backscatter properties in a high-
frequency ultrasound examination of different
cell types and their isolated nuclei in which
speed of sound, attenuation coefficient and inte-
grated backscatter coefficients were measured.
Integrated backscatter coefficient values for cells
and isolated nuclei showed much greater vari-
ation increasing from 1.71 x 10 Sr' mm™ for
the smallest nuclei to 26.47 x 10* Sr' mm' for
cells with the largest nuclei. The findings have
suggested that integrated backscatter coefficient
values, but not attenuation or speed of sound, are
correlated with the size of the nuclei [30].

Experiments with mixtures of apoptotic and
viable cells have indicated further increases in
backscatter compared with pure populations of
apoptotic cells. This indicates a role for the effects
of scatterer positions and their potential rando-
mization towards contributing to increases in
backscatter associated with cell death 7 vive [31).

The application of spectral analysis methods
to living and apoptotic cell samples 7z vitro have
subsequently indicated the ability of classic tis-
sue characterization methods to quantify the
changes in acoustic properties associated with
cell death in a number of experimental systems.
Kolios ez al. used calibrated backscatter spectra
from regions-of-interest and linear regression
techniques to calculate the spectral slope and
midband fit of acoustic data obtained from vari-
ous samples using 30-35 MHz ultrasound [32].
For apoptotic cells, the spectral slope increased
from 0.37 dB/MHz before drug exposure to
0.57 dB/MHz 24 h after, corresponding to a
change in effective scatterer radius from 8.7 to
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Ultrasound detection of cell death

3.2 pm. The midband fit increased in a time-
dependent manner, peaking at 13 dB 24 h after
cell death-inducing drug exposure. The statistical
deviation of the spectral parameters was in close
agreement with theoretical predictions [32-34].

Those same methods have also been applied
to liver samples ex vivo where, in tissue models,
ischemic cell death was linked to increases in
backscatter ranging from 4 to 9 dBrand demon-
strating kinetics dependent on tissue preservation
conditions [35].

Apart from spectral methods, the use of sig-
nal envelope statistics to monitor and quantify
structural changes during cell death have been
investigated 77 vitro and in vivo. Signal envelope
statistics have been examined by fitting to the
Rayleigh and generalized I'-distributions. The fit
parameters of the generalized I-distribution have
demonstrated sensitivity to structural changes
in cells treated with chemotherapeutic drugs
in vitro. The scale parameter demonstrated a
200% increase (p < 0.05) between untreated and
cells treated for 24 h whereas the shape parameter
showed a 50% increase (p < 0.05) over 24 h [31].

Cell death has also been detected i vivo using
high-frequency ultrasound and spectral ana-
lysis methods in animal model systems where
xenograft tumors were treated using a number of
different methods. The first preclinical tumor-
based use of high-frequency ultrasound spec-
troscopy was to noninvasively monitor tumor
treatment by following xenograft malignant
melanoma tumor responses to PDT in vivo.
Banihashemi ez a/. observed a time-dependent
increase in ultrasound backscatter variables after
treatment. The observed increases in spectro-
scopic variables correlated with morphologic
findings, indicating increases in apoptotic cell
death, peaking at 24 h after PDT. Analyses of
changes in spectral slope strongly correlated with
changes in mean nuclear size over time, asso-
ciated with apoptosis, after therapy 36]. Vlad
et al. used high-frequency ultrasound in a simi-
lar manner to track the responses of xenograft
tumors iz vivo to radiotherapy. Data were col-
lected with an ultrasound scanner using fre-
quencies of 10-30 MHz. Ultrasound estimates
calculated from normalized power spectra and
parametric images (spatial maps of local esti-
mates of ultrasound parameters) were used as
indicators of response. Two of the mouse mod-
els (FaDu and C666-1) exhibited large hyper-
echoic regions at 24 h after radiotherapy. The
ultrasound integrated backscatter increased by
6.5 t0 8.2 dB (p < 0.001) and the spectral slopes
increased from 0.77 to 0.90 dB/MHz for C666-1

tumors and from 0.54 to 0.78 dB/MHz for FaDu
tumors (p < 0.05) in regions compared with
preirradiated tumors. The hyperechoic regions
in the ultrasound images corresponded in his-
tology to areas of cell death. Parametric images
were utilized in that study to further discern the
tumor regions that responded to treatment [37).

Quantitative ultrasound

& scattering physics

Conventional ultrasound images provide infor-
mation regarding tissue echogenicity. Owing to
the many instrument parameters that can be
chosen during an imaging session, it is difficult
to compare images between different ultra-
sound machines and even for the same machine
when different settings are used. Quantitative
ultrasound has been suggested as a method to
overcome this limitation, since it uses metrics
that are predominantly independent of the
instrument settings to analyze the data (not to
be confused with quantitative ultrasound nar-
rowly defined to assess bone mineral density).
A number of parameters that are based on

Figure 2. High-frequency tumor spheroid imaging demonstrating cellular
morphology and related ultrasound contrast. (A) Shows a representative
100 MHz image of a tumor spheroid. (B) The appearance of an outer echo-poor
rim and a more internal echogenic rim correlated with gross microscopic cross-
section morphology of the spheroids. The scale bars indicate 500 p. (C) Shows a
higher magnification of the outer viable rim with intact cells. (D) Shows a
representative section from a more internal rim corresponding spatially to the
echogenic rim in the ultrasonograms. Note the appearance of cells with pyknotic
nuclei corresponding to dying cells. The scale bar indicates 30 p.

Images courtesy of FS Foster, University of Toronto, ON, Canada.
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Figure 3. High-frequency ultrasound imaging of acute myeloid leukemia cells and their nuclei demonstrating the detection
of cell death and the influence of nuclear morphology. (A) Top panels: ultrasound images (25 MHz) of acute myeloid leukemia
(AML) cells after O h (left) and 24 h (right) of cisplatinum treatment. There is a mean increase of approximately 12 dB from left to right.
The scale bar indicates 1 mm. Bottom panels: corresponding histology images of spreads of AML cells after 0 h (left) and 24 h (right) of
cisplatinum treatment. Note the presence of condensed nuclear bodies beginning to marginate to the periphery of cells. The scale bar
indicates 10 p. (B) Ultrasound images (20 MHz) of AML nuclei in suspension before (left) and after (right) treatment with cisplatinum to
induce apoptosis. Images are 8 mm wide. Note the increase in backscatter from the isolate apoptotic nuclei. The bottom panel indicates
the difference in ultrasound spectra from the two samples of nuclei.
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analyzing the backscatter radiofrequency (RF)
echoes can be used: integrated backscatter, RF
envelope statistics, frequency dependence of
backscatter, ultrasound tissue attenuation, elas-
tic properties of tissues, the propagation of shear
waves in tissue and other more complex signal
classification techniques such as entropy metrics
of RF ultrasonic backscatter [38,39]. The majority
of work in quantitative ultrasound that is based
on the analysis of the backscatter patterns deal
with tissue classification. Examples include the
monitoring of changes in normal versus diseased
livers 40,41, myocardial backscatter as a function
of disease [42-44] and its variations during the cell
cycle [45], and the discrimination of normal and
cancerous tissue [46,47). The use of quantitative
ultrasound techniques for the detection of cell
death is a relatively new development [32].

Our work has primarily focused on integrated
backscatter, the frequency dependence of back-
scatter and the backscatter envelope statistics as
a means to detect and potentially quantify cell
death from anticancer therapies. We have found
that high-frequency ultrasound (20-60 MHz) is

Imaging Med. (2010) 2(1)

particularly sensitive to the structural changes
that cells and tissues undergo during treatment
response [29,33] and we are currently investigat-
ing other frequency ranges. Most researchers
are familiar with the improvements in ultra-
sound imaging capabilities at higher frequen-
cies (namely better lateral and axial resolution),
which come at the expense of penetration depth
[48]. More subtle are the effects of the higher fre-
quencies in terms of acoustical scattering phys-
ics and device contrast resolution, as it depends
on the length scales involved in the particular
application as well as the transducer character-
istics [49]. Particularly important is the size of
the scattering object compared with the ultra-
sound wavelength and the resolution cell of the
ultrasound imaging instrument (defined as the
volume of medium that contributes towards the
signal at a particular instant of time). This vol-
ume is typically determined by the -6 dB lengths
of the ‘full width — half maximum’ signal in the
lateral dimension and the -6 dB pulse length in
the axial dimension. As the frequency increases,
these parameters give rise to variations in the

future science group



population of scatterers that contribute to the
ultrasound signal and therefore the contrast
resolution. One example is the scattering from
blood. In the clinical low-frequency ultrasound
imaging range, blood vessels appear as black cyl-
inders of low echogenicity since the scattering
strength of red blood cells is very low compared
with the surrounding tissue. However, at higher
frequencies, the scattering from the red blood
cells is comparable to that of the surrounding
tissue; in some cases the signal from the blood
is stronger than that of the surrounding tissues
(50]. Moreover, there can be large variations in
the backscatter depending on whether the red
blood cells are enucleated or not [50].

The relationship between the ultrasound wave-
length and the scatterer size is typically expressed
as the product of the wavenumber 4 and the scat-
terer size 2. When the ultrasound wavelength is
much smaller than the scattering structure size
(ka>>1), then the well-known simple equations
of reflection and refraction can be used to study
ultrasound scattering. This is also known as class 3
scattering and is typically specular in nature [51.52).
An example of class 3 scattering is the interface
between organs. When the ultrasound wavelength
is much larger than the scattering structure size
(ka<<1), then several approximations can be
made to the solution of a pressure wave incident
on an object (this is the Rayleigh scattering regime
— the scattering intensity increases with the fourth
power of frequency and sixth power of the scat-
terer radius). In this case the concentration of scat-
terers per resolution cell is typically high and the
images produced have the typical speckle pattern
seen in ultrasound images. This is also known
as class 1 scattering [5152]. When the ultrasound
wavelength approaches the size of the scattering
structure (g, 1), then the full equations of a
traveling pressure wave incident on a scattering
structure have to be solved [s3]. Approximations
can still be made since tissue scattering is typi-
cally weak (e.g., the Born approximation) [54.55];
however, the problem still remains difficult to
solve for tissues. Class 2 scattering occurs when
the scattering structure has concentrations lower
than 1 per resolution cell; these scatterers cause
scattering patterns that can be differentiated from
the speckle that is produced in class 1 scatter-
ing. In both class 1 and 2 scattering there is a
frequency dependence of the scattering that can
be used to infer the dimensions of the scattering
structure [56,57].

In the study of frequency dependence of the
ultrasound scattering it is important to note that
that increasing the frequency of the interrogating
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ultrasound improves not only spatial resolution,
but it also changes the nature of the dominant
ultrasonic scattering structures. As ka=1 then
the new structures that meet this criterion start
to contribute more to the backscattered ultra-
sound signal detected by the transducers and
thus the frequency dependence of the backscat-
ter [49.58]. Therefore, the contrast resolution also
changes with frequency.

We have hypothesized that for the frequencies
of interest (20—60 MHz), the cell’s nucleus is a
major contributor to the ultrasound backscatter
(30]. In the case of cancer treatment monitoring,
as the cell and nucleus structure are of the great-
est importance in the determining responses to
interventions, scattering falls within the regime
of class 1 or 2 scattering for clinical and high-fre-
quency ultrasound (1-60 MHz). The ultrasound
wavelengths for these frequencies range from
1.5 mm down to 25 pm. As a result, tumors with
alarge concentration of cells (with diameters rang-
ing from 10 to 30 pm) typically result in a speckle
pattern in the ultrasound images. Speckle arises
when there are many unresolved scatterers of simi-
lar scattering strength per resolution volume of the
imaging device [59-61]. Speckle is often referred
to as ‘speckle noise’ because it can interfere with
the delineation of boundaries between two media
(class 1 scattering). However, speckle is determin-
istic in the sense that for a given spatial distribu-
tion of scatterers the speckle pattern remains the
same and does not vary in time. Therefore, it is
not noise in the conventional sense; in fact, for
the high-frequency imaging of cells in which indi-
vidual cells cannot be resolved, the entire content
of the image is speckle (Ficure 34) [31].

We have focused our effort on the analysis of
ultrasound RF: the frequency dependence and
the envelope statistics of the RF data. In this case
spectrum and statistical analyses of RF data may
be used to infer scatterer properties as these can
be theoretically linked to scatterer sizes and con-
centrations within biological samples. Whereas
biological samples may exhibit features with
stochastically influenced distribution of acoustic
scatterer sizes and concentrations, RF analysis of
ultrasound data as per Lizzi ez al. (13] may be used
to provide information regarding these scatterer
sizes and concentrations.

The biology of cell death

Cell death and its specialized morphological
forms (apoptosis, oncolysis, mitotic arrest and
necrosis) have been studied as far back as 1842
with the first morphological descriptions being
made shortly thereafter [62]. These forms of cell

www.futuremedicine.com

21



22

Czarnota & Kolios

death are morphologically different, although
they do share certain common features. Their
unique morphological features are associated
with potentially different viscoelastic properties,
leading to differences in acoustic properties that
permit their detection and potential differentia-
tion using ultrasound. For the purposes of dis-
cussion here we refer to necrosis as the end state
of all of these cell death forms.

Apoptosis is a specialized form of death that
is genetically programmed with unique morpho-
logical features that differentiate it from other
forms of cell death. It is genetically controlled
and induced in certain developmental stages,
homeostatic processes and in response to a wide
variety of cancer therapies. With this mode of
cell death, a characteristic aggregation of chro-
matin occurs forming a pyknotic nucleus that
then breaks down into visible macroscopic frag-
ments. These fragments then marginate at the
periphery of the nucleus and after dissolution
of the nuclear membrane, further translocate
to the edge of the cell. The cell’s DNA during
this process begins to be specifically enzymati-
cally digested, resulting in further changes to the
cell’s nuclear material. In addition, the cellular
membrane during this process begins to change
morphology becoming blebbed and, ultimately,
the cell breaks down with its cellular components
compartmentalized within vesicles [62].

Oncotic cell death refers to accidental cell
death accompanied by cellular swelling, organelle
swelling, blebbing and increased membrane per-
meability. This mechanism is based on failure of
the ionic pumps of the plasma membrane. This
type of death is typically caused by ischemia and
possibly by toxic agents that interfere with ATP
generation or increases in the permeability of the
plasma membrane. The DNA in this form of
cell death breaks down in a nonspecific man-
ner in contrast to apoptosis, and is accompanied
by organelle swelling and vacuolization, protein
denaturation and hydrolysis. Large blebs of cel-
lular contents may burst in this process, resulting
in inflammatory changes. The process may be
associated with karyorrhexis (nuclear fragmenta-
tion) and is associated with karyolysis (the com-
plete dissolution of the chromatin matter due
to the activity of DNase). The word necrosis is
often substituted for oncotic cell death, although
necrosis more accurately refers to dead cells
regardless of the particular cell death pathway
involved in the induction of death.

In mitotic death cells may arrest at the G2/M
checkpoint with canonically condensed chromo-
somes in the form of mitotic bodies and an

Imaging Med. (2010) 2(1)

absence of a nuclear membrane. These cells have
a unique morphology in that they may accumu-
late aneuploid complements of nuclear material
and present with multiple nuclei. They may be
considered dead in the functional sense that they
cannot reproduce by cell division. Attempts at
cellular division lead to death by either apopto-
sis or a nonapoptotic cell death depending on
various circumstances.

There remains limited information on the
biophysical properties of these forms of cell
death since only now are methods being estab-
lished to measure viscoelastic properties of
biomaterials at a cellular level. Quartz crystal
microbalance biosensor techniques have been
used to study responses of apoptotic mammary
epithelial tumor cells to taxanes. This method
measures mass coupling and viscoelastic proper-
ties of the cells associated with the crystal sur-
face, which can be measured continuously and
are based on shifts in crystal fand motional R
values, and showed that these change with cell
death [63]. Other studies have used cell defor-
mation techniques to measure cell cortical
tension and cellular viscosity. In those studies,
colchicine and paclitaxel, which induce mitotic
arrest after nuclear condensation, caused disrup-
tion of microtubular structures, but had little
effect on either F-actin or on cellular mechani-
cal properties except at higher concentrations
where it caused increased actin polymerization
and increases in cell rigidity. In addition, there
were increases in the characteristic cellular vis-
cosity by 30-50%, increases in the dependence
of viscosity on shear rate by 10-20% and the
cortical tension by 18-21% [64]. Morphology
changes in cells undergoing apoptosis are also
expected to result in changes in cellular elasticity
and viscosity that potentially result in acoustic
property changes. Microrheological methods
[65-67] are one manner in which such changes
can be assessed. Estimates that have been made
using PC3 prostate cells exposed to 1 pg/ml cis-
platinum, which induces apoptotic cell death,
indicate that after 912 h of exposure concomi-
tant with nuclear condensation and the onset of
fragmentation, the elastic and viscous moduli
increased by over 50 and 20 Pa, respectively, over
the course of the treatment [68].

Ultrasound backscatter & cell death

The main ultrasound changes responsible for
the ultrasound detection of apoptosis are related
to the scattering intensity and its frequency
dependence, as described in the previous section.
Early stages of cell death generally lead to large
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increases (6—12 dB) in ultrasound backscatter
intensity for both cell aggregate [28,31,33] and
preclinical (36,37) models. For advanced stages
of cell death, the backscatter intensity decreases
(69]. The spectral slope, which is a measure of
the frequency dependence of the scattered ultra-
sound, has been found to increase in cell samples
and 77 vivo with tumor responses for which the
predominant mode of cell death appeared to be
apoptosis [32,36]. By contrast, the spectral slope
has remained relatively constant with samples in
which there was a mixture of cell death modes,
and has decreased in samples that predomi-
nantly underwent mitotic arrest/catastrophe
(33]. Another striking feature of the recent 7 vivo
experiments is that tumor responses, as assessed
both by histology and ultrasound, have shown
excellent spatial correspondence, both indicating
sharp gradients between responding and non-
responding regions. Moreover, the magnitude
of the in vivo spectral parameter changes that
have been measured ultrasonically are similar to
the changes measured with iz vitro experimen-
tal systems we have developed [70]. Even though
tumor tissues are complex structures consisting
of cells of different sizes and different compo-
sition that are intermixed with blood vessels
and lymphatics, similar values of ultrasound
integrated backscatter were measured from cell
samples and tumor xenografts originated using
the same cell line. This has suggested that the
tumor cells in the in vivo tumor dominate the
contribution to the backscattered ultrasound [70].

It is difficult to conclusively ascertain the ori-
gin of the scattering increase and spectral changes
observed in the model systems. With apoptosis
and cell death in general, we hypothesize that the
changes in the cell structure and composition
(e.g., cell swelling, nuclear condensation and
fragmentation, and chromatin dissolution) cre-
ate spatial and temporal changes in the scattering
structures that permit the detection of regions of
cell death for a range of frequencies that are used
in clinical and preclinical imaging. In the range
of 20 to 60 MHz (ultrasound wavelengths of
75 and 25 pm, respectively) the ka values range
from 0.8 to 2.5 (for a cell of 10 um diameter)
and 2.5 to 7.5 (for a cell of 30 pm diameter) and
therefore lie in the regime for which ultrasound
is sensitive to changes in structure. Since our
work to date has indicated that the nucleus is the
main scattering source in highly cellular tumors,
these represent the upper bound of ranges owing
to the smaller nucleus size. Moreover, a series of
experiments designed to elucidate the changes
in ultrasound backscatter characteristics seem
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to correlate to changes in the nuclear structure.
Therefore, changes in the backscattering char-
acteristics can be used to probe changes in gross
nuclear structure (e.g., those that occur during
cell death — oncolysis and apoptosis) or for the
classification of tumors (enlarged cell nuclei are
a prime indicator of cell malignancy).

Other modalities for cell

death detection

A number of other imaging-based methods have
recently been developed that can detect cell death
in tumor responses to treatment, as reviewed in
Brindle (71]. These include 2-"*F-fluoro-2-deoxy-
p-glucose PET and C-hyperpolarized pyruvate
imaging as markers of tumor glucose metabolism,
3’-deoxy-3’-"*F flurothymidine for DNA syn-
thesis, and PET and magnetic resonance spec-
troscopy for amino acid and lipid metabolism.
Furthermore, early tumor cell death during treat-
ment is now recognized to be a good prognostic
indicator of outcome [71] and can be detected
using magnetic resonance techniques and anti-
body-based labeling imaging using SPECT, PET,
MRI and optical imaging. In addition, MRI has
been used to study apoptosis on the basis that cells
dying by this process undergo modifications in
water content. Most studies published have relied
on gadolinium to probe water content changes
(72.73]. In vive, any primary signal changes asso-
ciated with apoptotic cells in tissue parenchyma
would be potentially convoluted with signal
changes caused by differences in vascular perme-
ability to gadolinium, which may occur with vas-
cular cell death. Specific approaches have relied
on gadolinium chelates of the C2A domain of
synaptotagmin-I, which binds to phosphatidyl
serine exposed on apoptotic and apo-necrotic
cell membranes [74]. Other new approaches have
relied on measurements of intracellular sodium
with MRI and have found this to correlate with
taxotere chemosensitivity-induced regions of
apoptosis [75]. Studies have demonstrated the fur-
ther utility of T1rho and T2rho MRI for apopto-
sis detection [76]. However, compared with these
imaging modalities, ultrasound has the advantage
that endogenous contrast is used to evaluate treat-
ment effectiveness, without the need of injection
of any contrast agents or molecular markers; the
contrast is generated by the very process of cell

death itself.

Conclusion

Quantitative ultrasound methods can be used
to characterize cell death changes in cells, tis-
sues and tumors. In principle these changes
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Figure 4. Very high-frequency ultrasound microscopy of cells undergoing
apoptotic death. A comparison of the backscatter signal from (A) an
unresponsive MCF-7 breast cancer cell and (B) a responsive cell undergoing
apoptosis after paclitaxel chemotherapy treatment acquired with a 375-MHz
transducer. The c-scan backscatter image is shown on top, and the b-scan showing
the scattering regions from the cell is on the bottom. The location of the b-scan
plane is indicated by the arrow. Before apoptosis the backscatter signal originates
primarily from the region close to the cell nucleus, whereas after the cell response
scattering regions appear throughout the entire cell. The scale bar indicates 15 p.

24

result in cell morphology changes leading to
consequent changes in the acoustical proper-
ties of these cells, which in turn permits their
detection with high-frequency ultrasound. The
advantage of this methodology is that it is non-
invasive, does not require contrast agents, does
not rely on radioactive agents and compared
with other imaging modalities remains inex-
pensive, portable and images can be produced
rapidly. A limitation of high-frequency ultra-
sound is that when interacting with cells and tis-
sues there is a limited penetration depth of only
several centimeters due to tissue attenuation.
In terms of the scattering of high-frequency
ultrasound, owing to the ratio of the scatter-
ing structures (cells and nuclei) to the inter-
rogating frequency (with a wavelength similar
in size to cells and nuclei) the modeling of the
physical process of scattering remains complex.
However, there are emerging developments in
ultrasound that address both of these issues.
Recent developments that permit the facile
collection of RF data with clinical-frequency
range ultrasound devices are now enabling the
use of low-frequency ultrasound to detect cell
death. In terms of better understanding the
physics of ultrasound backscatter at a single
cell or nucleus level, recently developed very
high-frequency ultrasound microscopes can

Imaging Med. (2010) 2(1)

be used with live cells or isolated nuclei while
maintaining them in physiological conditions
during studies. These developments are lead-
ing towards a clinical implementation of cell
death detection and a better understanding of
the physics behind the detection of cell death
using ultrasound.

Future perspective

B Very high-frequency ultrasound

& cell death

Key to the understanding of the changes in
ultrasound backscatter are the mechanical
characteristics of cells, and how these charac-
teristics change during cell death. In order to
determine these characteristics at the length
scale of interest (microns), low- and high-fre-
quency ultrasound cannot be used, as the meas-
urement resolution is too coarse. To this end,
microrheology techniques have been developed
to probe the mechanical properties of cells and
cell cultures. Using such techniques, it has been
demonstrated that at high frequencies, the cell
nucleus was more stiff than the cytoplasm [77);
the nucleus was more rigid at high rates of defor-
mation and more liquid-like at low deforma-
tion rates, with a viscoelastic modulus at least
two-times greater than that of the cytoplasm.
This suggests that the nucleus is a potential scat-
tering source, consistent with our hypothesis.
Moreover, our recent experiments indicate an
increase of the cell elasticity (spring-like nature)
with treatment [68]. Even though these meas-
urements have been made at low frequencies
of greater relevance to ultrasound shear wave
imaging, our group is working on expanding the
relevant ranges to include kHz and potentially
MHz measurements.

Another approach has involved the use of
acoustic microscopy to elucidate cellular ultra-
sonic and mechanical properties. At 1 GHz, the
wavelength of ultrasound is close to 1.5 pm,
and therefore a comparable spatial resolution
can be achieved. Bulk measurements of ultra-
sound attenuation have shown an increase in
the ultrasound attenuation for cells undergo-
ing apoptosis [78.79] and large temporal changes
in ultrasound backscatter as a function of time
after response to chemotherapy exposure [79].
Even though these measurements are performed
at very high frequencies, and therefore findings
related to ultrasonic backscatter may not have
direct relevance to the lower frequency ranges
(since different scattering structures meet the
ka=1 criterion), analysis of the scattering pat-
terns can provide insight into the process of
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ultrasonic scattering. The attenuation coef-
ficient (in dB/cm/MHz) and speed of sound
are not expected to vary substantially at these
higher frequencies since these parameters are
mainly determined by the molecular composi-
tion of the cells and not structure. However,
parameters such as the scattering coefficient and
shear modulus are related to features of higher
structural levels, and therefore can be expected
to exhibit greater variation for different frequen-
cies of interrogation [80]. Once the properties
of the individual cells have been elucidated,
one can construct theoretical models to model
the scattering process [53.81]. This, however, is
complicated by the fact that, irrespective of the
acoustical properties of the individual scatterers,
the spatial distribution of the scattering sources
on their own is a source of large variation in
ultrasound backscatter (82.83]. Separating the
individual contributions of changes of scatter-
ing properties from the effects of any changes
in scatter spatial distribution to the changes of
ultrasound backscattered detected has proven
to be a difficult task and is an area of intense
research activity in our laboratories.

Very high-frequency ultrasound (100 MHz
to 2 GHz) has been used previously to study
primarily inorganic substances and excised tis-
sues ex vivo. Recent developments that permit
the confocal light and ultrasound microscopy
of living cells while growing in culture have
spurred a resurgence in the field. It is now pos-
sible to investigate the acoustical properties of
living cells as well as cells dying through specific
cell death pathways. As an example, we have
used 100 MHz to 1 GHz ultrasound to study
apoptosis and demonstrated that at 400 MHz
subcellular changes in backscatter appear to
be associated with regions of nuclear mate-
rial aggregation that occurs during apoptosis
(Ficure 4). At high frequencies (1 GHz) other
factors seem to potentially predominate in the
formation of backscatter images.

B Conventional frequency ultrasound
of cell death

Conventional (low) to mid-range ultrasound
frequencies (1-20 MHz) are applicable clini-
cally and have been used in medicine since
the development of ultrasound technology.
The detection of tissue changes related to cell
death in the case of necrosis dates back nearly
50 years with decreases in backscatter being
observed. Nevertheless, it is only now, that
methods in quantitative ultrasound are being
applied at clinically relative frequencies for cell
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death detection. We have recently applied the
use of 7-MHz ultrasound (3—10 MHz -6 dB
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Figure 5. Conventional frequency ultrasound and cell death detection.

(A) Conventional 7 MHz frequency ultrasonograms of representative PC3 prostate
tumors after a novel microbubble-based antivascular therapy. The left tumor is a
representative untreated tumor whereas the one on the right is a tumor after
treatment. The scale bar indicates 1 mm. The increase is consistent with 6 dBr.

The fitted line is a linear best fit over the -6 dB bandwidth of the transducer.

(B) Associated normalized backscatter spectra from tumors before (green) and after
(red) treatment. The control animal received sham treatment. (C) Representative
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) histology for
untreated and treated tumors (left and right, respectively). The treated tumor
demonstrates significant cell death. The scale bar indicates 1 mm.
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bandwidth) to the detection of cell death using
acute myeloid leukemia cells 77z vitro and tumors
treated with radiation with or without anti-
angiogenics in combination. Data from experi-
ments with cells have demonstrated an ability
to detect as little as 10% apoptotic cells with
data paralleling changes observed using high-
frequency ultrasound. Moreover, ultrasound
data detected from prostate cancer PC3 tumor
xenografts, where anti-angiogenic agents were
used in combination with radiation to induce
large macroscopic areas of cell death, indicate
that the detection of apoptosis may also be car-
ried out iz vivo. These emerging results (Ficure 5)
suggest that the monitoring of treatment effi-
cacy may be possible using low-frequency ultra-
sound and such evaluations are underway in
patients receiving cancer therapy.
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Executive summary

= We have been developing methods to detect cell death using high-frequency ultrasound and quantitative ultrasound methods.
The applicability of such methods for cell death detection has been demonstrated in vitro and in vivo using a number of model tumor

types and cell death-inducing treatments.

The scattering process of ultrasound from single cells is now being evaluated from ultrasound microscopy research.
The quantitative ultrasound methods used for cell death detection are now also being extended to clinical frequency ranges and are

being evaluated in patients to monitor the efficacy of cancer therapies.

These methods provide a potential manner of evaluating and monitoring the efficacy of cancer therapies in the future.
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