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Potential use of ultrasound for the
detection of cell changes in

cancer freatment
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“Our work on ultrasound imaging of cell
death indicates that ulfrasound imaging
and spectroscopy can potentially be used
for the detection of both structural
changes within tumor cells and
morphologic changes in the gross

tumor dimensions.”
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The era of personalized medicine, in which
genomic and molecular data will be used to
decide on the management of disease and the
various treatment options, is thought to change
the way oncology is practiced [1]. Specific assays
could be used, based on the measurements of
the levels of proteins or genes in individual
patients, to devise tailored treatment strategies.
Examples include the use of aromatase inhibitors
and trastuzumab (Herceptin®, Genentech Inc.,
CA, USA) for breast cancer and cetuximab for
squamous cell carcinoma of the head and neck
and colorectal cancer. However, these treatments
will be at considerable societal and individual
expense: brining a new drug to the market costs
anywhere from US$500 to US$2000 million,
depending on the therapy or the developing
firm [2]. A method to assess treatment effective-
ness during treatment, both in preclinical models
and in a clinical setting, could have a significant
impact. In this capacity, it is thought that “imag-
ing will play an increasingly important role in the
assessment of therapeutic response, especially in
cancer” [1]. A recent review on imaging of thera-
peutic response highlights the various approaches
that have been investigated [3].

To date, the most established methods for
imaging cancer cell death in a potential clini-
cal setting are the imaging of apoptosis with
single photon emission computed tomography
(SPECT) of radiolabeled annexin V [4-¢] and
the use of positron emission tomography ([PET];
using F-18 fluorodeoxyglucose [FDG]) to study
the response of tumor metabolism after chemo-
therapy (7.8]. In the first method, the patient is
injected with a radiopharmaceutical that binds
to apoptotic cells. The second method relies on
the injection of FDG and requires access to a
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PET instrument. Cellular FDG uptake reflects
the overall exchange rate of glucose, an indica-
tor of cell viability. Despite the effectiveness of
the method, it is expensive and requires multiple
injections of a radioactive substance, reducing
the technique appeal for longitudinal studies of
treatment effectiveness. In general, a noninvasive
technique that relies on endogenous contrast to
evaluate treatment effectiveness would poten-
tially have a much greater impact. Ultrasound
is known to be a cost-effective imaging modal-
ity, which is rapid and portable with widespread
access worldwide, thereby ensuring clinical
impact for imaging procedures of demonstrated
benefit. New generations of ultrasound devices
exemplify the portability of these devices: in
October 2009, General Electric released a
pocket-sized ultrasound imaging device (the
GE Vscan — for which the promotional mate-
rial claims that this device can become ‘the
stethoscope of the 21st Century’ [101]), and new
ultrasound arrays are made that can attach to
conventional ‘smartphones’ via a USB port and
be used for ultrasound imaging [102], using the
phone display to render the images.

The advantages of ultrasound led us to consider
its use in a functional imaging capacity for cancer
therapy, and resulted in our work on ultrasound
imaging of apoptosis. Most people are famil-
iar with ultrasound as an anatomical imaging
modality, with functional information (mainly
blood flow) that can be derived using Doppler
techniques. However, ultrasound backscatter can
provide information about cell structure that in
turn is related to the functional state of cells: it
has long been known that there is an increase
in ultrasound backscatter in the necrotic cen-
ters of spheroids when imaged at 100 MHz [9].
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The authors of this study found that “The rim
has a backscatter level similar to that of the cap,
while the central region gives a surprising 20-fold
(25 dB) increase in signal amplitude”. This was a
very large level of ultrasound contrast, which was
not produced by the introduction of an exoge-
nous contrast agent, as typically required by most
other imaging modalities, but was produced by
the very process of cell death itself. The regions
of cell death in that study, determined histo-
logically, correlated very well with the regions of
increased backscatter. It should be noted that even
at these high frequencies individual cells can-
not be resolved, and the images produced have
the typical speckle pattern seen in conventional
ultrasound images. Therefore, it is the brightness
of the speckle pattern that increased in regions
where the cells responded to the treatment. That
work indicated that high-frequency ultrasound,
with wavelengths approaching the size of the cell,
was potentially sensitive to the structural changes
that cells undergo during cell death and, likely
unbeknown to the authors at the time, apoptosis.
Bérubé ez al. studied the effects of nitromidazoles
in multicellular spheroids [10]. Using an ultra-
sound imaging device (operating at 80 MHz),
they also found that the ultrasound backscat-
ter was greater in the necrotic core of spheroids.
Significantly, they were able to observe the struc-
tural alteration of cells following the application
of the cytotoxic drugs INO and INO, in a time-
dependent fashion. They were able to measure
the increase in ultrasound backscatter, as a func-
tion of time, in the interior of spheroids as the
treatment time progressed.

In 1994 we started our work on the ultrasound
imaging of apoptosis in particular. It was known
that cells undergo dramatic structural changes
during apoptosis. Therefore, we considered ultra-
sound imaging for preclinical applications initially
and clinical applications, subsequently. To provide
control over the level of apoptosis in the experi-
ments, compact aggregates of cells were formed
(what was often referred to in the publications as
cell pellets — achieved though centrifugation). In
a series of experiments, we found that there is a
large change (6-12 dB) in ultrasound backscatter
(frequencies of 20—60 MHz) for acute myeloid
leukemia cells exposed to the chemotherapeutic
cisplatin [11]. Similar experiments, as well as pilot
experiments 77 vivo, demonstrated that this effect
was robust: in a time-course experiment, we deter-
mined that apoptosis can be detected as early as
6 h after treatment [12,13]. The backscatter would
increase and then subsequently decrease when the
cells were in their advanced stages of programmed
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cell death and henceforth had lost most of their
structure. Apoptotic cell death detection with
ultrasound was also demonstrated during pho-
todynamic therapy of the rat brain, with excel-
lent correspondence of the region of increased
backscatter to histology. To investigate the tech-
nique sensitivity, Tunis e# a/. used a centrifuged
cell sample model and found that a mixture of
2.5% treated cells mixed with an untreated con-
trol population could be differentiated from an
untreated control population, indicating that the
technique is sensitive to low levels of apoptosis [13].
Finally, in recent work, it has been demonstrated
that the technique can be applied 77 vivo, to dif-
ferentiate between responding and nonresponding
regions within a tumor [14.15]. These experiments
were performed in xenograft tumor models: cells
were injected intradermally into the hind leg of
mice. These experiments demonstrated that even
when other structures exist within the tumor
(e.g., blood vessels or lymphatics), this method
could still be used for treatment monitoring. This
was an important step in establishing the meth-
odology, since ultrasonic backscatter is dependent
on the dominant scattering structures that give
rise to the signal; it was not known if the pres-
ence of structures other than cells could reduce
the technique sensitivity to the structural changes
occurring during cell death.

Even though the ultrasound contrast between
regions of cells responding to the treatment and
regions that do not respond is large, variations
in ultrasound backscatter alone can be very dif-
ficult to attribute to particular events or mor-
phologies. For example, fat deposits in tissue
can also appear to have an increased backscatter
compared with the surrounding normal tissue
parenchyma. The problem is compounded due
to multiple instrument imaging parameters that
can be modified during, and inbetween, imaging
sessions, which could result in changes in image
brightness. Moreover, it is difficult to compare
images between different ultrasound machines
and even for the same machine when different
settings are used. This can be problematic when
tumor response is to be determined by compar-
ing a series of images that are acquired on dif-
ferent dates (and potentially instruments). To
overcome many of these limitations, quantitative
parameters based on the ultrasound backscatter
that are independent of the instrument are calcu-
lated. These parameters are based on analyzing
the backscatter radiofrequency (RF) echoes and
include the integrated backscatter, RF envelope
statistics, frequency dependence of the backscat-
ter, ultrasound tissue attenuation and other signal
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classification techniques such as entropy metrics
of RF ultrasonic backscatter [16,17]. The major-
ity of work in quantitative ultrasound deals with
tissue classification (e.g., the distinction between
benign and malignant disease). We have applied
these concepts for the differentiation between tis-
sues that respond to cancer treatments and those
that do not. For the monitoring of cell death in
particular, we have investigated the use of the
frequency dependence of the backscattered sig-
nals 18], the RF envelope statistics [13] and the
integrated backscatter [19]. Analysis of the RF data
provides additional information, which, together
with the backscatter, can increase the technique
sensitivity and specificity for the detection of the
morphological changes associated with cell death.

It has long been known that the frequency
dependence of the ultrasound backscatter can
be related to the underlying tissue microstruc-
ture 20,21]. The spectral slope (the frequency con-
tent of the ultrasound backscatter normalized to
a reference that contains the frequency content
of the original interrogating ultrasound pulse)
is a measure of the frequency dependence of the
scattered ultrasound. For example, it is known
that when the size of the scattering object is much
smaller than the wavelength of the incident ultra-
sound the scattering intensity increases with the
fourth power of frequency (the Rayleigh scattering
regime). This frequency dependence is reduced
when the size of the scattering object approaches
the wavelength of the ultrasound. We have dem-
onstrated that for purely apoptotic cell samples,
the frequency dependence of the backscattered
signal increases with cell death (an increase in
the spectral slope of the normalized backscatter
spectrum), which is attributed to the decrease in
cell and nuclear size during apoptotic cell death
(18.22]. Increases in the spectral slope were also
measured 7 vivo for tumor responses in which
the predominant mode of cell death appeared to
be apoptosis [14,22]. The spectral slope remained
relatively constant when there was a mixture of
modes of cell death, and decreased in samples that
predominantly underwent mitotic arrest/catastro-
phe (1922]. This range of spectral slope changes
is attributed to the structural changes that cells
undergo during cell death: when mixed forms of
cell death are present, in which the morphology
associated with the cell death results in enlarged
nuclei (e.g., mitotic arrest/catastrophe), then we
have found that the spectra slope decreases [22].
Since ultrasound scattering and its frequency
dependence is influenced primarily by nuclear
structure in highly cellular tumors, the pheno-
typical changes in nuclear structure, as a function
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of time, will dictate the corresponding changes
in spectral slope. Appropriate corrections for the
intervening tissue attenuation would be required
to properly interpret the spectral slope data, as it
can also significantly affect these measurements
(23.24]. Analysis of the frequency dependence of
the ultrasound backscatter also has the potential
to be used for tumor classification. In fact, a clear
distinction between rat mammary fibroadenomas
and 4T1 mouse carcinomas, which in ultrasound
imaging alone cannot be differentiated, can be
achieved by the use of quantitative ultrasound
techniques [25].

Our work on ultrasound imaging of cell death
indicates that ultrasound imaging and spectro-
scopy can potentially be used for the detection of
both structural changes within tumor cells and
morphologic changes in the gross tumor dimen-
sions. Unlike other modalities being investigated
for treatment monitoring, no injections of con-
trast agents are needed. This is the key advan-
tage of this technique: the image contrast and
changes in spectral power are caused by changes
in the physical properties of the responding cells.
But what are the limitations and challenges of
using the technique in a clinical setting?

First, our theoretical and experimental data
indicate that the technique sensitivity decreases
with decreasing ultrasound frequency of inter-
rogation. If higher frequencies are required
(>20 MHz) for adequate contrast between
responding and nonresponding tissues, this limits
the technique application to superficial tumors,
as the imaging depth of ultrasound at 20 MHz
is a few centimeters. Whereas invasive probes at
higher frequencies can be constructed to image
tumors interstitially, in a manner somewhat simi-
lar to what is used for intravascular ultrasound
(26], the technique invasiveness does not make
it a suitable candidate for longitudinal imaging
studies. Moreover, only a relatively small portion
of the tumor would be imaged unless multiple
insertions of the probe are made to cover larger
areas of the tumor. In order to address this issue,
recent work in our laboratories has indicated
that differences between pellets of apoptotic and
non-apoptotic cells can still be differentiated
with frequencies as low as 5 MHz, albeit with
a reduced contrast between the two cell types.
Optimizing the ultrasound frequency band used
in the experiments will depend on the tumor
depth and what is known about its microstruc-
ture. This information can be used to make the
appropriate ultrasound bandwidth selection that
will involve a trade-off between penetration depth
(lower frequency) and sensitivity to cell death
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(higher frequency). Our laboratories are currently
focusing on determining the optimal such param-
eters for breast cancer. Second, whereas we have
demonstrated that the technique can be used in
human tumor xenografts transplanted subcutane-
ously in severely compromised immunodeficient
(SCID) mice, it remains to be seen if the tech-
nique will still be effective in spontaneous tumors
that may have different growth characteristics [27].
Moreover, it has been argued (28] that the tumor
microstructure in subcutaneous xenografts can
be quite different than that of human tumors, or
tumor cell lines, and that orthotropic xenograft
models may be required to better reproduce the
histology and metastatic pattern of tumors. Since
ultrasound scattering can be sensitive to higher
order structures, the technique may be more sensi-
tive to larger scattering structures in the tumors
rather than the cells, as is the case when com-
paring mammary fibroadenomas and carcino-
mas [25]. This may potentially make the technique
less sensitive to changes at the cellular level. Such
experiments with orthotropic xenograft models
are planned in the future.

Finally, another factor complicates the analysis
of the backscattered data so as to accurately infer
changes occurring in cell structure: irrespective
of the acoustical properties of the individual tis-
sue scatterers and how they may change during
apoptosis/cell death, the spatial distribution of
the scattering sources on its own is a source of
large variations in ultrasound backscatter strength
in the frequency band between 20 and 60 MHz
(29.30]. This suggests that the changes in ultra-
sound backscatter detected in our experiments
can be at least partially attributed to the changes
in the spatial organization of the cells as they
undergo apoptosis. As the spatial distribution of
scattering sources becomes more random (less cor-
related), backscattering increases. Since the histo-
logical samples of tumors indicates that the tumor
cells before treatment have a more regular spatial
distribution than after response to therapy, the
increase in the cell spatial distribution randomness
after treatment may contribute to the scattering
increase observed. There is strong experimental
evidence that this may be occurring during treat-
ment response [22]. This phenomenon is somewhat
similar to that of the dependence of ultrasound
backscatter from blood as a function of hemato-
crit: initially, and as one would expect intuitively,
ultrasound backscatter increases with concentra-
tion of red blood cells but, after a particular hema-
tocrit, scattering monotonically decreases [3132].
Since one of the goals of this work is to provide an
estimate of the percentage of cells responding to
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the treatment, understanding this effect is impor-
tant for the quantitative assessment of treatment
response. Separating the individual contribu-
tions to the ultrasound backscatter of changes
in scatterer acoustical properties and changes in
scatterer spatial distribution has proven to be a
difficult task and is an area of intense research
activity in our laboratory. To this end, we have
initiated experiments using acoustic microscopy
and particle tracking microrheology to generate
maps of acoustical properties of individual cells
as a function of treatment response, so as to better
understand the physical basis of the measurement
and how to increase the method sensitivity and
specificity using this new knowledge.

“Central to the advantage of the
tfechnique is that the very process of cell
death itself inherently generates the
contrast required to assess the treatment
effect, not requiring the injection of
exogenous contrast agents. This contrasts
with other imaging techniques that
typically require the administration of an
agent info the bloodstream.”

In summary, the applicability of using ultra-
sound imaging and spectroscopy to detect, non-
invasively, cell death has been demonstrated
in vitro and in vivo using a number of model
tumor types and cell-death-inducing treatments.
Central to the advantage of the technique is that
the very process of cell death itself inherently
generates the contrast required to assess the
treatment effect, not requiring the injection of
exogenous contrast agents. This contrasts with
other imaging techniques that typically require
the administration of an agent into the blood-
stream that makes the approach less suitable for
longitudinal studies of treatment response. As
the process of cell death generates the contrast,
to optimize the technique and understand its
limitations, a comprehensive understanding of
the physical basis of the measurement is required
for specific tumor and cell phenotypes. The time
kinetics of the contrast that is generated during
cell death must be understood and quantified for
the technique to be applied in a robust manner
for treatment assessment, balancing trade-offs
such as ultrasound frequency choice based on
imaging penetration depth and detection sensi-
tivity and specificity. Finally, another advantage
of ultrasound imaging, not discussed in the con-
text of this editorial, is that functional informa-
tion of treatment response could also be gained
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by examination of the changes in the blood flow
patterns though Doppler and power Doppler
measurements. Qur research is now focused on
using both pieces of information for the complete
characterization of the treatment response.
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