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Abstract

Quantitative ultrasound characterization of responses to

radiotherapy in vitro and in vivo

Roxana M. Viad

A thesis submitted in conformity with the requirements for the degree of Doctor of
Philosophy
Graduate Department of Medical Biophysics
University of Toronto
Copyright by Roxana M. Vlad 2009

In clinical oncology and experimental therapeutics, changes in tumour growth rate or
volume have been traditionally the first indication of treatment response. These changes
typically occur late in the course of therapy. Currently, no routinely available imaging modality
is capable of assessing tumour response to cancer treatment within hours or days after
delivery of radiation treatment. Therefore, the goal of this thesis is to develop the use of
ultrasound imaging and ultrasound characterization methods with frequencies of 10 to 30 MHz
to assess non-invasively tumour response to radiotherapy, early, within hours to days after

delivery of radiotherapy.

Responses to radiotherapy were characterized initially in vitro in a well-controlled
environment using cell samples. It was demonstrated experimentally that the changes in
ultrasound integrated backscatter and spectral slopes were the direct consequences of cell and
nuclear morphological changes associated with cell death. The research in vitro provided a

basis for the in vivo research that characterized responses to radiotherapy in cancer mouse



models. The results from mouse tumour models indicated that quantitative ultrasound could

detect the regions in a tumour that corresponded in histology to areas of cell death.

In order to understand the cellular morphological changes responsible for ultrasound
scattering at these frequencies and assist in the interpretation of experimental data, numerical
simulations of ultrasound scattering from four different cell lines exposed to radiotherapy were
conducted and compared to experimental results. It was concluded that the increases
measured in ultrasound backscatter could in part be explained by the increase in the
randomization of cell nuclei resulting from the increase in the variance of cell sizes following

cell death.

In this thesis, it is demonstrated that ultrasound imaging and quantitative ultrasound
methods were able to detect non-invasively early responses to radiotherapy in vitro and in vivo.
The mechanism behind this detection was linked to changes in the acoustic properties of nuclei
and changes in the spatial organization of cells and nuclei following cell death. This provides
the groundwork for future investigations regarding the use of ultrasound in cancer patients to

individualize treatments non-invasively based on their responses to specific interventions.
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1 INTRODUCTION

1.1 Historical setting, cancer disease

Cancer is not a modern disease. Human malignant tumours have been described
in pictures and in writing dating back to ancient civilizations, for example, bone cancers
(osteosarcomas) have been identified in Egyptian mummies (1). Early cultures attributed the
cause of cancer to various Gods, and this belief was held until the Middle Ages. Hippocrates
however, described cancer as an imbalance between the black fluid (from the spleen) and
the three bodily fluids: blood, phlegm and bile. Although incorrect, this theory was the first (~
400 B.C.) to attribute the origin of cancer to natural causes. The suggestion that cancer
might be an inherited or environmental disease appeared later, writings from the Middle

Ages referring to “cancer houses”, “cancer families” and “cancer villages”(1).

Epidemiological studies later identified major environmental causes of cancer,
such as tobacco smoke and various occupational exposures. Such studies raise the
possibility of prevention through changes in life-style and diet, as has already been
demonstrated through smoking cessation programs in many Western countries. Recently,
molecular genetics has increased our knowledge about cancer biology. The rapid evolution
of molecular biology techniques has led to the characterization, cloning and sequencing of a
variety of genes where mutations or changes in their expression can lead to malignant
transformation. The current model for cancer development envisions cells undergoing a
series of genetic alterations which result in their inability to respond normally to intracellular
or extracellular signals that control proliferation, differentiation and ultimately cell death (1).

Increased numbers and types of genetic abnormalities, often specific for the tumour type,



accompany tumour progression. The development of cancer is a multistep process that

progresses from benign to premalignant before manifesting as malignancy.

1.2 Cancer treatment, radiotherapy

Cancer treatment is based on two major approaches: therapy localized to the
tumour mass (surgery, radiotherapy), the use of drugs (chemotherapy) or the use of a
combination of these two approaches to increase therapeutic efficacy. The genetic instability
of cancer cells and the resulting heterogeneity of the cellular phenotype within an individual
tumour pose a major challenge to the development of more effective treatments that take
advantage of the new knowledge of molecular properties of cancer. In this context,
radiotherapy remains the most commonly used and effective cancer treatment modality
since high doses of ionizing radiation target the entire tumour mass to ensure cancer cell
killing. Radiotherapy for cancer typically involves delivering 25-40 individual dose fractions
of about 2 Gy daily, over a period of 5 to 8 weeks (1). Such treatment schedules have been
developed empirically and demonstrate a better therapeutic ratio than single doses,
because they provide tumour control at tolerable levels of normal tissue toxicity. New
developments in the delivery of radiation therapy should allow conformal treatments that
limit the volume of normal tissues irradiated to high doses while allowing escalation of doses
delivered to the tumour. In this context, in stereotactic radiosurgery high doses of up to 25

Gy in one fraction can be delivered to a tumour (2-4).



1.3 Interaction of radiation with matter

Since their discovery by Roentgen more than a century ago, X-rays have played a
major role in modern medicine. The first recorded use of X-rays for the treatment of cancer
occurred within about one year of their discovery (1). X- and y-rays constitute part of the
continuous spectrum of electromagnetic radiation that includes radio waves, heat, visible
and ultraviolet light. All types of electromagnetic radiation can be considered as moving
packets of energy, called photons. Individual photons of X- and y-rays are sufficiently
energetic that their interaction with matter can result in the complete displacement of an
electron from its orbit around the nucleus of an atom. Typical binding energies for electrons
in biological material are approximately 10 eV (electron volt), thus photons with energies
greater than 10 eV are considered to be ionizing radiation (1). Radiation can cause damage
to any molecule in a cell, but damage to DNA is the most crucial, causing cell lethality
expressed by loss of proliferative potential (1). The damage to DNA can result from a direct
interaction by direct energy absorption, or by indirect effects resulting from interaction with
chemically reactive free-electrons or free-radicals (molecules with unpaired electrons). The
[OHT] radicals resulting from the interaction of radiation with water are probably the most
damaging. DNA is the major target of ionizing radiation because of its biological importance

to the cell. Even relatively small amounts of DNA damage can lead to cell lethality.

1.3.1 Responses to ionizing radiation, cell death

Inhibition of the reproductive ability of the cell is an important consequence of the
molecular and cellular responses to radiation. It occurs at relatively low doses (a few Gray)

and it is a major objective in clinical radiotherapy. Cancer radiotherapy aims to kill the



tumour by inducing cell death including apoptosis, mitotic arrest/catastrophe (cells that
undergo up to four abortive mitotic cycles) or terminal growth arrest (cells that lose the ability
to divide) (1). The extent to which one mode of cell death is dominant over another is
dependent on cell type, radiation dose and the cell’s microenvironment (relative oxygenation

and availability of growth factors).

Apoptosis, frequently referred to as ‘programmed cell death’ is an active mode of
cell death in which the cell itself executes a genetic program leading to its own death and
subsequent cell body disposal (5). One of the early events is cell dehydration. Loss of
intracellular water leads to the condensation of the cytoplasm followed by a change in cell
shape and size, the originally round cell becomes elongated and smaller (5). The most
characteristic feature of apoptosis is the condensation of nuclear chromatin. Condensed
chromatin has a uniform, smooth appearance with no evidence of any texture typically
observed in a phenotypically normal nucleus. DNA in condensed chromatin stains strongly

with fluorescent and light absorbing dyes (Figure 1.1).

Mitosis is the nuclear division that produces two daughter nuclei, each with the
same number of chromosomes as the parental nucleus. This process is complex and highly
regulated. The sequence of events is divided into phases, corresponding to the completion

of one set of activities before the start of the next.

Mitotic cell death or mitotic arrest/catastrophe describes cell death occurring in the

cell cycle following exposure to injury (5). For example, following radiotherapy cells can
undergo mitotic arrest/catastrophe in cell cycles subsequent to the one in which the
radiation exposure occurred. The cell, transiently arrested in the cell cycle as a result of the
damage, is able to divide later. Its progeny cells, however, die when progressing through the

subsequent cell cycle(s). The cause of their death may be damage to genes which are



essential for cell survival (5), or inability to complete the phases of cell division. For instance,
cells will not progress through mitosis if the chromosomes of the two resulting daughter cells
are not properly aligned during cell division. These cells are not able to complete their
division resulting in cells containing two times or four times more nuclear material than their
parental cells. Therefore, enlarged cells and nuclei are some of the features of cell

undergoing mitotic arrest/catastrophe (Figure 1.1).

Senescent or terminally arrested cells are metabolically active but do not proliferate

and do not form colonies following irradiation. They eventually die, days to weeks following
irradiation, by necrosis (1). The cellular and/or nuclear size during the initial phases of cell

arrest do not appear to change significantly.

Oncosis describes cell damage in which cell swelling is the predominant early

response. It follows a variety of injuries (i.e., toxins and ischemia) applied in vivo or in vitro

(6).

Necrosis refers to changes that occur following cell death, i.e., attributed to post-
mortem changes (5, 6). Thus, necrosis is not a form of cell death but the end stage of any
cell death process (e.g., equivalent to the post-mortal decay after clinical death) (7). In this
phase following cell death, the morphological changes of the cell involve degradative

processes that result in decomposition of organelles and other macromolecular systems (6).
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Figure 1.1. Hematoxylin & Eosin staining of Hep-2 cell samples illustrating morphological changes of

different forms of cell death. (A) Untreated and (B) exposed to 8 Gy radiation demonstrating: apoptosis
(black head arrow), characterized by fragmentation and condensation of nuclei, mitotic arrest (white
arrow) and mitotic catastrophe (black arrow) characterized by enlarged cells that undergo two up to four

mitotic cycles. The scale bar represents 40 pym.

1.4 Clinical imaging of tumour responses to ionizing radiation

Tumour responses to treatment have been clinically assessed by measurements of
tumour size, using anatomical imaging techniques such as X-ray computed tomography
(CT) and magnetic resonance imaging (MRI). CT imaging is based on the measurement of
the amount of X-ray attenuation as X-rays pass trough different tissues within the body (e.g.,
bone and soft tissues have different attenuation coefficients). MRI involves the detection of
nuclear spin reorientation of water protons in an applied magnetic field. MRI of tissue water
protons is used similarly to CT to provide images of anatomy but with better soft tissue

contrast. These imaging modalities have being used clinically to assess tumour response to




therapies based on a reduction of the tumour size although tumour shrinkage can take

weeks or even months to become apparent (8).

In recent years, these measurements have been supplemented by imaging of tissue
function, often termed molecular imaging, that aims to characterize biological processes at
the cellular and molecular level in vivo. From this category, positron emission tomography
(PET) imaging using a glucose analogue, the radionuclide 2-[18F] fluoro-2-deoxy-d-glucose
(FDG) is an established modality in the diagnosis and management of various malignancies
(8). Since tumours typically have high rates of aerobic glycolysis, they take up relatively
large amounts of glucose. FDG is taken up by glucose transporters and phosphorylated by
hexokinases, the first enzymes in the glycolytic pathway, but the resulting FDG-6-phosphate
is not metabolized further and is trapped within the cell. The uptake and retention of FDG is
greater in many tumours than in normal tissues, so that FDG PET scanning is sensitive for
localizing tumours and monitoring the response to treatment (1, 18). Since PET images
have relatively poor resolution, PET is often used in conjunction with CT that provides high-
resolution images of tissue anatomy. The combination of PET/CT provides the opportunity
to integrate the morphological information (tumour size) with functional information (tumour
metabolic rate) leading to improvements in tumour detection and response monitoring (9,
10). Studies of lung cancer (11), oesophageal cancer (12) and lymphoma (13) have
demonstrated that reduced FDG uptake can identify early tumour response to treatment.
Persistently increased FDG uptake after treatment is associated with a high risk for early
disease recurrence and poor prognosis (8). However, FDG PET has some limitations
including lower sensitivity for slowly growing, metabolically less-active tumours and has high
levels of uptake in some normal tissues and accumulation in inflammatory cells (8). Most of
the clinical studies regarding the benefit of FDG PET in assessing responses to cancer

therapy were performed on tumours treated with chemotherapy or with new experimental



therapies. Since early radiotherapy effects include inflammatory reactions that can result in
FDG uptakes comparable to tumour uptakes, it has been frequently recommended that
FDG-PET to be performed several months after completion of radiotherapy (14). This might
explain why less FDG-PET data are available in terms of specifically assessing tumour

responses to radiotherapy.

1.5 Ultrasound imaging in oncology

Ultrasound plays an important role in oncology because of its portability, relative low
cost, sensitivity, speed of imaging and sub-millimeter spatial resolution. It is often used in
the first stages of patient management to visualize tumours, particularly in the soft tissues of

the abdomen where both the ultrasound transmission and soft—tissue interfaces are optimal.

In standard B-mode ultrasound imaging, ultrasound probes (transducers) convert
electric pulses into acoustic waves and then sense returning echoes (scattering) from
biological structures to form an image. The contrast arises from the variation of acoustical
properties of various tissues (density, compressibility). Due to various tissue morphological
transformations during disease development, the scattering of ultrasound by a tumour and
normal tissue is often different. This results in different tumour and normal tissue contrast in
an ultrasound image, and therefore ultrasound imaging is capable to differentiate a tumour
from apparently healthy tissue based on differences in tissue acoustic properties. Diagnostic
imaging is commonly performed in the range of 1 to 10 MHz, because these frequencies
ensure the visualization of body structures of interest with a reasonable resolution and
penetration depth. Transducer geometry, frequency and the related bandwidth of the pulses

determine the axial and lateral resolution of the ultrasound imaging system and the



penetration depth. These parameters and the general physics of ultrasound imaging have

been extensively discussed in the literature (15, 16).

An important application in cancer diagnosis is Doppler ultrasound, which measures
the Doppler shift in frequency when ultrasound scatters from moving objects, such as red
blood cells in the vasculature. The ultrasound frequency employed in standard high-
resolution scanners is in the range of 5 to 20 MHz, leading to Doppler shifts due to blood
flow in the 1 kHz range. This technique can be used to measure blood flow and blood
perfusion in large vessels and has been used to visualize the vasculature of tumours and

normal tissue (15, 17, 18).

Frequencies higher than 20 MHz have been used to improve the resolution of images
in intravascular, skin, ocular and small animal imaging (19). An important application for this
range of frequencies is high resolution imaging of mouse models of disease and anatomy
(pre-clinical imaging). Ultrasound preclinical imaging uses frequencies of 10 to 60 MHz and
offers spatial resolution as fine as 30 ym. This method allows longitudinal studies with
applications in developmental biology and cardiovascular diseases (19-21), tumour growth
(22, 23), assessing angiogenesis and drug effects (24), and can be used for identifying
novel tumour markers in preclinical cancer mouse models (25). Within the frequency range
of 10 to 60 MHz, ultrasound imaging and tissue characterization techniques have been used
to detect cell death in vitro on cell samples exposed to a chemotherapeutic drug (26, 27), in
vivo on rat livers exposed to ischemic injury (28) and in cancer mouse models exposed to
anti-cancer therapies (26, 29). Imaging and characterizing cell death non-invasively opens a
full range of applications in preclinical and clinical settings where cell death is a desired
outcome. Some of these applications include assisting in preclinical drug development,

assessing tumour responses to cancer treatment and guiding biopsies.
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1.6 Imaging cell death

Detecting early tumour response to therapy, and thus predicting the likely outcome of
a treatment, requires suitable means to identify markers of the response. Markers of
response may include: cell death, changes in metabolism or receptor expression associated
with tumour cell death or inhibition of proliferation (8). Increased tumour cell death, early
during a course of treatment is a good prognostic indicator of outcome (30-33). Currently,
standard methods for detecting cell death are invasive and involve special histological
staining. Experimental studies for non-invasive imaging of cell death include diffusion—
weighted MRI techniques based on the increase in the apparent diffusion coefficient of
water that is thought to increase in tumours responding to applied therapies. This method
has been found to predict tumour response in brain cancer patients three weeks after the
start of treatment (34). Other imaging methods rely on the fact that apoptotic cells express
the negatively charged phospholipid phosphatidylserine on the outer cell membrane with a
high affinity for the human protein annexin V. However, early-stage clinical trials using
radiolabelled annexin V (**"Tc-6-hydrazinonicotinic Annexin V) had limited success mainly

due to the poor clearance and biodistribution of the labeled probe (35).

Experimentally, ultrasound imaging and spectrum analysis techniques were applied
for the first time by Czarnota and Kolios (26, 27, 36) to detect cell death in cell samples and
tissues exposed to cancer therapies (e.g., chemotherapy and photodynamic therapy).
Apoptotic cells exhibited up to a sixteen fold increase in ultrasound backscatter intensity in
comparison with viable cells, as well as other measurable changes in ultrasonic parameters
(27, 37, 38). The same technique can be used to detect oncotic cell death, following

ischemic injury when cells and tissues are deprived of essential nutrients. Ultrasound
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backscatter intensity increased up to a eight fold in rat livers exposed to ischemic injury (28)
and up to four-fold in cell samples left to die at room temperature (37). Cells can die by
apoptosis and mitotic arrest/catastrophe following radiotherapy treatment. Each of these
modalities of cell death presents complex and diverse cell structural changes that result in
changes of the scattering properties of the cell samples and tissues treated with
radiotherapy (39). The etiology behind these changes is not well known but seems to be
linked to complex changes in the properties of cell nucleus (e.g. size, density and
compressibility) (39-42). The influence of these properties on ultrasound scattering is

addressed in this study.

1.7 Role of quantitative ultrasound in cancer management

Tissue characterization methods using ultrasound have been around for more than 20
years (43-50). These methods are based on processing radio-frequency data (before
applying envelope detection used to construct conventional ultrasound images) and can
improve the diagnostic capabilities of the conventional ultrasonic images by providing
quantitative measurements of tissue properties. Much of the early framework for tissue
characterization using ultrasound backscatter and spectral techniques was developed by
Lizzi et al (49). They demonstrated theoretically and experimentally the ability to
ultrasonically quantify ocular, liver and prostate tissue (44, 51-56). Since that time, tissue
characterization has been utilized in a variety of applications to differentiate diseased from
healthy tissue (52, 57-62). Ultrasonic tissue characterization based on spectrum analysis
has proven useful for clinical applications in ophthalmology to distinguish benign from
malignant tumours and differentiate among ocular malignancies that were previously

indistinguishable (45, 50, 56, 63-65). These methods are currently applied to aid in the
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diagnosis of intraocular neoplasms and treatment selection (16). Spectral parameters have
also been used to diagnose prostate cancer (52, 57), liver abnormalities (44) and identify
benign breast lesions, thus potentially sparing patients from unnecessary biopsies (55).
Spectrum analysis significantly improves the detection and evaluation of prostate cancer
and real-time applications of spectrum analysis have been proven to significantly decrease
the number of false-negative biopsies (57). Other investigators use ultrasonic estimates to
construct parametric images, thus providing imaging contrast where grey-scale B mode
images did not present any distinguishable differences between healthy and diseased
tissues. These parametric images were able to differentiate benign fibroadenomas from
mammary carcinomas and sarcomas in mice (66, 67), detect changes in renal and liver
microanatomy (47, 68) and differentiate cancerous from noncancerous prostate tissue (52).
At higher frequencies of 10 to 60 MHz, spectrum analysis methods have been used to
detect various forms of cell (26-28, 39, 69, 70). This capability of ultrasound spectrum
analysis to identify various forms of cell death forms the basis of this thesis that aims to

characterize the responses to radiotherapy in vitro and in vivo.

1.8 Rationale, detection and prediction of early tumour responses to

radiotherapy

Response evaluation criteria in solid tumours (RECIST) guidelines are traditionally
applied to evaluate tumour responses. These guidelines are based on the measurement of
the longest diameter of the assessed tumour (71). The following criteria are used to evaluate

tumour response:

1. complete response: the disappearance of all target lesions;
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2. partial response: at least 30% decrease in the longest diameter of the target lesion;

3. progressive disease: at least 20% increase in the longest diameter of the target

lesion;

4. stable disease: neither sufficient shrinkage to qualify for partial response nor

sufficient increase to qualify for progressive disease.

Evaluation of tumour response following these criteria is typically performed at six to
eight weeks after treatment starts. In this context, the goal of this thesis is to demonstrate
that ultrasound tissue characterization techniques are capable of detecting early response to
radiotherapy in cell samples and cancer mouse models as early as 24 hours. Radiotherapy
was selected as the treatment modality because radiotherapy is currently the most
commonly utilized and effective cancer treatment modality, since ionizing radiation targets

the entire tumour mass to ensure tumour killing (1).

In this thesis | use ultrasound imaging and tissue characterization techniques to detect
responses to radiotherapy in vitro and in vivo. The method of this detection is based on
identifying the changes in ultrasound parameters that are correlated to changes in cellular
and nuclear structure following cell death in cell samples and tumour tissues. The findings
from this thesis can contribute to clinical cancer research in several ways, briefly outlined in

the next paragraphs.

The index of cell death in a tumour, early during the course of the therapy can
represent an indication of treatment efficacy (31-33) and can be potentially used to
individualize patient therapy. Therefore, the ability to detect cell death in a tumour, within
days after the start of radiotherapy, could aid clinicians in making decisions to modify

therapy, such as choosing different radiation regimens, adding a radiosensitizer or selecting
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different chemotherapy drugs that potentially could result in more effective treatment. This
might lead to improved outcomes and the sparing of patients from unnecessary side effects
related to ineffective prolonged treatments. Since the method presented in this thesis aims
to detect cell death using ultrasound methods, it might be equally applicable to monitor the
effects of chemotherapy, photodynamic therapy, in vitro and in vivo, and might provide new
approaches for the development of different experimental therapies in clinical and preclinical
studies. The method can be used before treatment starts and regularly during treatment to
monitor therapy responses without the need to inject radionuclides or specialized contrast

agents as with other techniques (e.g., PET, diffusion—weighted MRI).

Detecting early response to a treatment may provide a new approach to the
development of experimental therapies. Currently, new treatments are often assessed in
patients with end-stage disease, for whom conventional therapies have usually failed. These
are arguably the worst patient groups in which to evaluate novel therapies. By using an
imaging technique that could provide an indication of drug efficacy within a few days, as
opposed to weeks or months, it might become acceptable to try new treatments in patients

who are in the early stages of disease.

Monitoring therapy response is becoming an essential component of drug
development in preclinical studies. Ultrasound imaging and tissue characterization of
therapy response in animal cancer models allows repeated assessments of the tumour and
may provide spatial and temporal information regarding target organs and heterogeneity of
response. This information could be correlated with tumour biopsies and histopathological

methods to provide the therapy response end-points for this imaging modality.
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1.9 Thesis outline

The goal of this thesis is to demonstrate the use of ultrasound imaging and
quantitative ultrasound techniques to characterize non-invasively early responses to
radiotherapy. | hypothesized that radiotherapy alters the cellular and nuclear acoustical
properties and sizes, resulting in observable and measurable changes in ultrasound images

and spectral parameters.

After a review of the acoustic scattering theory applied to biological tissues, responses
to radiotherapy are characterized in vitro in a well controlled environment using cell
samples. This in vitro work provides the basis for the in vivo work that characterizes
response to radiotherapy in cancer mouse models. In order to understand the cellular
morphological changes responsible for ultrasound scattering at these frequencies, and help
the interpretation of experimental data, numerical simulations of ultrasound scattering were
conducted, then compared to experimental results from four different cell lines exposed to
radiotherapy. Careful analysis of cytology and histology, quantification of cellular and
nuclear structural changes following cell death, and the comparison between experimental
and simulated data provide new insights into the mechanisms potentially responsible for the
increase in ultrasound scattering following cell death. The findings from this study constitute

a framework for tumour adaptive radiotherapy in a preclinical setting.

Specifically, Chapter 2 reviews models of ultrasound tissue characterization in the
context of the work presented in this thesis. These models lead to the framework that
provides a basis for calculating ultrasonic estimates to characterize tissue properties. In
Chapter 3, quantitative ultrasonic methods are used to characterize cellular responses to
cancer radiotherapy in vitro. As indicators of response, ultrasonic integrated backscatter and

spectral slope are determined from cell samples. These parameters were corrected for
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ultrasonic attenuation. Cellular and nuclear changes in size are assessed, quantitatively and
qualitatively, and correlated with changes in the ultrasound parameters. This work allows the
study of the mechanisms by which ultrasound is capable of detecting cellular response to
radiotherapy in vitro in compact aggregates of cells emulating cell arrangements in tissues.
In Chapter 4 the responses to radiotherapy in vivo, in mouse cancer models, are non-
invasively characterized using ultrasound spectrum parameters and parametric images.
These findings are compared to the results obtained from the corresponding histological
staining. Chapter 5 explores a mechanism to explain the changes in ultrasound backscatter
measured from cell samples undergoing different forms of cell death. Based on these
findings and on the previous work of Hunt et al (72, 73) a simplified model of ultrasound
scattering is proposed and compared to the experimental results. Concluding remarks and

suggestions for further studies are presented in Chapter 6.
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2 ACOUSTIC SCATTERING THEORY APPLIED TO SOFT BIOLOGICAL

TISSUES

2.1 Abstract

The purpose of this chapter is to review the general principles of theoretical models of
acoustic scattering and their application to ultrasonic tissue characterization. Historically,
biological tissues have been treated either as a continuum with varying density and
compressibility or as a discrete distribution of scatterers whose acoustic properties differ from
the surrounding medium. Regardless of what theoretical approach is taken, it is recognized that
the ultrasound scattering process in biological tissues is primarily affected by the size and
acoustic properties of tissue structures responsible for scattering (16). The model of weak
scattering in an inhomogeneous medium is discussed in this chapter and is used as a modality
to predict scattering in cell samples and tumours. Assuming that tissue scatterers have a certain
shape and acoustical properties, and are randomly distributed, simple models to predict
ultrasound scattering in biological tissues can be formulated. These models are capable of
providing quantitative ultrasound estimates that can be related to underlying tissue structure.
Quantitative ultrasound is applied in this thesis to characterize cellular responses to

radiotherapy.

Cell samples and tumours contain a tightly packed distribution of cells in which the
assumption of a random scattering medium may not hold. To account for the effect of changes
in randomization, a simplified model (72, 73) considering scattering from point-like scatterers
with regular and more random distributions is presented. This model is used in Chapter 5 to
simulate the ultrasound scattering from distribution of point scatterers with different degrees of

randomization and the results are compared with experimental data.



18

2.2 Ultrasound interaction with tissue

Sound propagates through a medium in the form of a wave. The term ultrasound is used to
describe vibrations of a material, e.g. biological tissue, that are similar to sound waves, but have
frequencies too high to be detected by the human ear. Any sound wave with a frequency higher

than 20 kHz is classified as ultrasound.

Three important tissue properties are: speed of sound, absorption and scattering. The
accuracy of the distance measurements in ultrasound images is determined by our knowledge
of the speed of sound in tissues. Speed of sound, however, varies by a few percent for most
soft tissue (74). Typically, the speed of sound for longitudinal waves in soft tissues is considered
to be approximately 1540 m/s at 37°C. The interactions between ultrasonic waves and soft
tissues may be divided into absorption and scattering. The combined effect of these two
processes is termed as attenuation. Attenuation causes the ultrasound beam to lose energy
thus reducing the signal strength that forms the ultrasound image. Absorption is the
transformation of the acoustic energy into thermal energy. Scattering refers to the re-direction of
a portion from the travelling wave and occurs when an acoustic wave is incident on an obstacle
whose mechanical properties differ from those of the surrounding medium. If the acoustic wave
is incident on an obstacle much larger than the wavelength, part of the wave is reflected and the

rest is transmitted through the object (refraction) as described by the equation 2.1.

__ Z;c0s0i—Z; cos B¢

2.1

- Z, cos 0;+Z4 cos 0
where Z,=p,cq and Z,= p,C, (density multiplied by speed of sound) are the acoustic impedances
of the medium and the object. The reflection coefficient, R describes the fraction of the acoustic

wave that is reflected. The angle 6;is the incident angle (8,=0 for the normal incidence), 6 can
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. .~ C
be calculated by Snells’s Law: Sl 0, =sin0, - (Figure 2.1, A). Acoustic scattering also arises
Cl

from structures within a tissue that are approximately the size of the wavelength or smaller and
represent a rough or nonspecular reflector surface (Figure 2.1, B and C). The strength of the
reflected signal and its frequency content depend on the properties of these structures (e.g.,
size, density and compressibility), thus ultrasound is highly sensitive to the mechanical
properties of tissue structures that often change during disease or cell death. Medical diagnostic
ultrasound uses ultrasound energy to map the variations in the acoustic properties of the body

and display these as gray-scale images.

A. Specular reflection(surface is | B. Non-specular reflection | C. Acoustic scattering, small

smooth with respect to A) (surface roughness ~ A) object reflectors, size < A

Figure 2.1. Ultrasound interactions with boundaries and particles. (A) The incident, reflected and refracted
beams at the interface between a media with characteristic velocities ¢, and c,. The angle of incidence is
0;, the angle of reflection is 8, and the angle of refraction is 6;. (B) As the wavelength becomes smaller,
the boundary becomes rough, resulting in diffuse reflections from the surface irregularities; (C) Small
particle reflectors within a tissue or organ cause diffuse scattering, giving rise to tissue speckle. Adapted
from (75).
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2.3 Scattering from single particles

When a sound wave propagates through a homogeneous medium, it encounters a
region of different density and compressibility and some of the original wave is deflected from
the initial course. The difference between the actual wave and the undisturbed wave, which

would be present if the inhomogeneity were not there, is defined as the scattered wave (76).

Rayleigh (77) derived the equation of the scattered pressure around 1900. Under the
assumption that the particle is much smaller than the wavelength and thus, senses a uniform

field, the scattered pressure radiated by a small spherical particle is given by:

. k2 3 k. -k 3 —
ps(r,0) = PeikrZ | 550 4 (py=Po) cos @ 2.2
3r kg 2p,+pP,

where Pgexp(-ikr) is the incident pressure wave (p;), the time harmonic dependent term exp(iwt)
is assumed and thus omitted and Py is the amplitude of pressure in the incident wave. The other
terms in the equation are: ps is the scattered pressure amplitude at the scattering angle 6 and
distance r away from the scattering particle, k is the wave number defined as k = 2rn/A for a
wave of frequency f, po and ko are density and compressibility for the surrounding medium, the
scatterer has a radius a, density p; compressibility k4, and 8 is the angle between the incident
and scattered wave. This equation is valid for ka<<1, where a practical upper limit of the

scatterer radius for Rayleigh scattering is ka=11/10 (78).

For larger particles, ka>1, part of the scattered wave is spread out more or less uniformly
in all directions (the wave is not in phase over the whole scatterer diameter), part of the
scattered wave interferes with the incident field and a variety of complex interference and
resonance phenomena occur. In these conditions, the exact solutions for scattered pressure

from a spherical object has been derived and experimentally confirmed by Faran (79):
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ps=-Py ¥ _,(2m+1) (-i)m+lsinnm exp(iNm ) [im (kr) -y (k) |, cos 0 2.3

where Py is the amplitude of pressure in the incident wave, c is the longitudinal speed of sound

in the medium, k is the wave number, n_ is a term accounting for the properties of the scatterer,

P, cos8 is the Legendre polynomial, j., is the spherical Bessel function of the first kind and n,

is the spherical Bessel function of the second kind.

In most experimental situations, the transducer, considered to be placed far away from the
scattering volume, has a finite aperture and therefore only a fraction of the total scattered power
is sampled. This is the differential scattering cross-section, defined as the power scattered into a
unit solid angle divided by the product of the incident intensity and the scattering volume. Of
major importance to ultrasound imaging is the backscattering cross-section that is the

differential scattering in the opposite direction to the incident beam for 6=180°.

The Faran and Rayleigh solutions for the backscattering cross section of a red blood cell as
a function of ka are presented in Figure 2.2. The Faran’s solution accurately predicts the
differential backscattering cross section at a distant observation point from a single target in a
fluid like medium at all ka. It also accounts for the effect of the shear waves (transverse wave
consisting of oscillations perpendicular to the direction of wave propagation). For ka<<1, both
the Rayleigh and Faran’s solutions predict the same values and an increase of the
backscattering cross-section with the fourth power of frequency (Figure 2.2). The backscattering
strength is very sensitive to changes in particle size ~a® within the Rayleigh scattering regime.
However, within this regime the frequency dependence of scattering is almost constant for a
relative large range of particle sizes, ~f*, and therefore, less sensitive to changes in particle size
over a large frequency range, providing little information about changes in the size of scattering
structures in the analyzed medium. As the ultrasound frequency increases to kas<1, the

ultrasound wavelength approaches the scale of scattering structures and, therefore, the
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frequency dependence becomes sensitive to changes in the size of these structures. Within this
regime, however, the backscattering cross-section does not provide great discriminatory power.
As the ultrasound frequency further increases to ka>1, the interferences between the echoes
from the different parts of the spherical scatterer induce a difference between the results of the
Rayleigh and Faran model, as presented in Figure 2.2. In this case, the backscattering cross-
section presents a complex pattern resulting from the interference of the incident and scattered

wave.
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1 10 100

=y
r

—
o,

-
p
#

a
=
T

—
O

Backscattering Cross-section, m?

0.0 0.1 1 10
ka

Figure 2.2. Backscattering cross-section for a compressible sphere with red blood cell like
properties over a wide range of ka values using Faran (solid line) and Rayleigh (dashed
line) solution. The following parameters were used to compute the backscattering cross-
section: p, =1078 kg/m®, k,=0.39115 GPa™, p, =1004 kg/m®, k,=0.442065 GPa™, kr=50,
a=2.7 ym. Adapted from (15).
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2.4 Weak scattering from random distribution of inhomogeneities

The results deducted from Faran’s theory are particularly useful for verifying
experimental results using simple random test media as scattering structures with well defined
shapes e.g., glass or polysterene microspheres in agar (80). They also provide a “gold”
standard against which approximate calculations may be compared (16). However, this method
is not directly applicable to scattering from biological tissues, for which the scatterers are non-
uniform in composition and irregular in shape. In this case, to accommodate the presence of
arbitrary inhomogeneities, a Green’s function approach is used as in the derivation given by
Morse and Ingard, (76) for scattering of a propagating acoustic wave in a heterogeneous
medium. Biological tissues might be regarded as a conglomeration of cells or subcellular
components with different acoustical properties than the surrounding tissue matrix. In this case,
the density and compressibility at any location r within the inhomogeneous volume Vg, can be
represented by the values p4(r) and k4(r) superimposed on the uniform background values of pg

and K, of a larger volume V, (Figure 2.3).
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Region containing inhomogeneities, Vy

Ko, Po, propagation medium O
>

r, T, direction of incident wave

Figure 2.3 The scattering geometry for an inhomogeneity of volume Vs location (r) density (p4) and
compressibility (k1) embedded in a volume (Vo) with density (py) and compressibility (ko). Tis the

direction of the incident field, ¢ is the direction of the observer (O) and 0 is the angle between the

direction of the incident (r;) and reflected wave (ro).

The total density and compressibility are expressed as:
p(r)=po+p1(r) and k(r)=xy+x; (1) inside Vi 24

o(M=pyand k (N=k outside Vs 2.5

Considering that scattering is the result of a wave propagating through an inhomogeneous

medium and considering some approximations (A1, A2, A3 outlined below), a solution for

scattered pressure ps that accommodates the presence of arbitrary inhomogeneities can be

obtained as:
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where: y,(r) = % and Y, (r) = K(rK— are the relative variations in density and
0 0

compressibility and 8=180° (backscatter). This is a classical result describing the scattering of
sound in an inhomogeneous medium (76). The terms on the right side describe the scattering of
sound by fluctuations about the average acoustic properties of the medium and are commonly
referred as scattering sources. The term ‘source’ is potentially misleading since the
inhomogeneities do not introduce any new energy into the pressure field: they ‘generate’

scattered sound by an interaction with the incident pressure wave.

The solution derived by Morse and Ingard, (76) using a Green’s function approach is valid

within the following approximations (A1-A3):

A1. Born approximation: it is assumed that the scattered wave amplitude is much smaller
than that of the incident pressure, thus the incident wave remains unchanged as it progress

through the scattering volume p(r)=pi(r)+ps(r)=pi(r). This is valid only if the scattering is weak:
7,(r) and y (r)are very small (ie., V,(r), y.(r)< 0.1 for the first order Taylor series

approximation to be accurate). For a weak scatterer, the solution derived by Morse and Ingard
and Rayleigh model are in good agreement in the long wavelength limit (15) more exactly for ka
<0.35 (81). However, unlike the Rayleigh model, the model derived using the Born
approximation remains in close agreement with the exact theory, equation 2.3, up to
wavelengths comparable to the size of the scatterer ka=1 (81). The limitation in the Born
approximation lies in the assumption that the scattered field is much smaller than the incident
field in the region of the scatterer and thus multiple scattering is negligible. This assumption

holds in structures with tissue like properties as indicated by Couture in his PhD thesis (82). He
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calculated the secondary scattering ratio for one of the cell lines used in this work, AML (acute
myeloid leukemia). The calculation has been based on the work of Chin (83) that defines as
significant a secondary scattering ratio of 10%. It was concluded that cells are weak scatterers
and have to be closer than their own diameters in order for their scattered pressure to be
significantly affected by multiple scattering. The Born approximation has been used in the

analysis of all scattering measurements in tissue (16).

A2. Far-field approximation: the distance from the observation point (O) to the volume of
scatterer is large compared to the size of the volume occupied by scatterers (ro>> r) (Figure

2.3).

A3. The incident pressure field is approximated by a plane wave: p;(r) = Pe ™. This
plane-wave result may also be extended to include scattering from focused transducers (49) as

the plane wave approximation is applicable to the focal zone of the transducer, as used in this
work. For small density and compressibility fluctuations (e.g., Yp(r), v, (r) < 0.1) the backscatter

pressure field is proportional to the relative fluctuations in the plane wave acoustic impedance,

hence the equation 2.7 becomes:

. Peikro — — . k2 —1§r
ps(r) = - d(K) where ¢p(K) = v [y(r)]e ™" dv 2.7
- R Ap Ak —2Az . _
K=k(—1) and y(r) = P where z =,/ o /x is the acoustic impedance
0 0

and q;@’ describes the spatial frequency dependence of the scattered pressure by an
inhomogeneity of varying density and compressibility without any limiting assumptions about its
shape or size. Under these approximations, the scattered pressure from the scattering volume Vi

is proportional to the Fourier transform of the scattering sources vy, (r) and y,(r).



27

Ultrasound imaging is typically performed on collections of particles (e.g., red blood cells) or
complex structures such as tissues and the resulting scattered wave is affected by the
interference of scattered waves from each particle in the collection. From the previous equation,
the scattered field from an ensemble of randomly positioned inhomogeneities is the sum of the

individual pressure fields from each inhomogeneity:

ps(r) = Z] 2 Jy lvirp] e K gy, = e;kRZ}“zlq)j(ﬁ) 2.8

R 41

where r; is the position of the i particle with respect to origin, N is the total number of
inhomogeneities in the scattering volume V, and R is the distance from the volume occupied by

scatterers to the observation point O.

The scattered wave from a collection of scatterers results from a term that arises from the
reflection of the overall structure of the volume (V,) of scatterers (the coherent scattering
contributions) and a term that arises from the random fluctuations of acoustical properties within
the population of scatteres that accounts for the contributions from all scatterers in the insonified
volume (Vo) (the incoherent scattering contributions) (15). In practice, it is often assumed that
measurements are made from a sample volume that lies within a region whose average
acoustic properties are the same as the entire volume. Under this assumption, the coherent

term is zero and only the incoherent intensity is considered (15).

Under this assumption, the differential backscattering cross-section per unit volume

(backscattering coefficient) can be written as:

k*V
16m?

2.9

Op = ——NY3 f b, (Ar)e” iKAr g3 Ay
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where n is the average concentration of scatterers per unit volume or number density, Vs is the
average scatterer volume, y3 is the mean square acoustic impedance fluctuation per particle
and b, (Ar) is the correlation coefficient. This equation describes the structural properties of the
scattering medium in terms of the average particle size, shape, number density and scattering
strength per particle and depends on the ultrasound frequency used to analyze the scattering

medium.

The correlation coefficient, b, (Ar), is a statistical measure of similarity in density and

compressibility of two scattering inhomogeneities in V, separated by Ar and averaged over the
ensemble. It may be used to model scattering in terms of the underlying structure of the
medium. The correlation coefficients widely used in literature to model scattering in tissue are,
the fluid sphere, Gaussian, and exponential functions (16, 58). These functions, first used to
describe electromagnetic and acoustic scattering in the ocean and atmosphere, are also used in
biomedical applications because they offer simple mathematical solutions that correspond to the
measurements in tissue (16, 58). The correlation models of ultrasound scattering (80, 84) are
simple in form but do not adequately describe tissue scattering. At long wavelengths (ka<1) the
choice of the model is not critical because all the models converge (80). Experimental results
using glass-in-agar media have shown that it is possible to estimate an average particle size
and an average particle strength (66-68, 85). These results agree well with theoretical
predictions in the transition regime of 0.5<ka<1.2 provided the scattering material does not
support shear waves or is fairly rigid and dense (80), the assumptions A1-A3 hold for the
scattering medium and the scattering structures are randomly distributed. Considering that the
potential scatterers are at the level of cellular structures, the frequencies of 10-30 MHz chosen
in this study allow working within this transition regime and hence, are more sensitive to
changes in cellular structure than conventional ultrasound used in clinical routine imaging.

Higher-order effects not included in the correlation models (e.g., resonance phenomena) have
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considerable influence on the scattering energy for ka>1.5 and for materials that support shear

waves (80).

The Gaussian scatterer model (equation 2.10) has been used in many studies to model
the backscatter power spectra from soft tissues and obtain estimates of scatterer properties (43,

53, 60, 66, 67, 80):

b, (Ar) = e~4r*/2d° 2.10

In this equation, d is the correlation distance. Typically, the error between the log of the
normalized experimental power spectrum and the log of the theoretical normalized power
spectrum is minimized using a Gaussian form factor as compared to other factors (exponential
and spherical shell) (86, 87). Based on this consideration, the Gaussian factor is used in the last
part of this thesis (Chapter 6) to estimate the average effective scatterer size in mouse tumours
and cell samples. These results were compared with the average size of the tissue structures

(e.g. cells and nuclei) evaluated from histological sections.
2.4.1 Rationale for quantitative ultrasound

Conventional medical ultrasound B-mode images are constructed from envelope-detected
radio-frequency (RF) backscattered signals. The B-mode images are good at displaying large-
scale structures (larger than the wavelength) because simple tissue interfaces such as organ
boundaries produce well-defined RF-backscattered signals whose envelopes are clearly
detected. However, most structures of interest including organ parenchyma and tumours,
contain a complex spatial distribution of mechanical properties that results from the complex
internal microstructure of biological tissues. RF backscattered signals from these structures
exhibit interference patterns arising from closely spaced scatteres which are not resolved

because of their backscattered signals that overlap in time. B-mode images reflect this
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complexity, exhibiting an average gray-scale level (indicative of average scattering strength)
with a certain speckle pattern that depends on tissue characteristics. This speckle pattern
consists of bright and dark spots resulting from the interference among waves scattered by
different tissue constituents. Clinicians interpret the speckle pattern on the basis of boundary
geometry, internal brightness and texture but not much information can be inferred about the

properties of the underlying tissue structure.

To quantify smaller scale structures (smaller than the wavelength), a number of
investigators (43-68) have developed techniques to examine the frequency-dependent RF data.
The frequency dependent backscatter signals provide information about the size, number,
relative impedance and spatial arrangement of the scattering regions within a tissue.
Characterization of tissue microstructure by examining the frequency—dependent information of
ultrasound backscatter spectra can be categorized as quantitative ultrasound (QUS). The QUS
estimates describe the statistical properties of tissues or cell samples lying within a well defined

region of interest (ROI).

2.4.2 Relating power spectra to tissue microstructure

Quantitative ultrasound spectral parameters can be computed by comparing the
backscatter power spectrum calculated from a region of interest of the investigated tissue with a
theoretical power spectrum. The theoretical power spectrum can be modeled from a three-
dimensional spatial autocorrelation function describing the distribution of acoustic impedances
in a sample. As shown previously, in equation 2.7, tissue structures can be characterized in
terms of a stochastic spatial distribution of acoustic impedances z, that exhibit small fluctuations

Az about its mean value. Ultrasound spectrum measurements for tissue characterization are
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typically performed by selecting a ROl in the analyzed tissue and applying a Hamming’

weighting function to the backscattered RF signals within that ROI to suppress spectral lobes.

In this thesis, | apply the derivation of the theoretical power spectrum as described by Lizzi
et al (49, 88). This derivation uses a Gaussian correlation function to describe the impedance
fluctuations and incorporates the effect of the Hamming window and the beam pattern of a

weakly focused transducer resulting in:

185 qu agffnz‘z,arf‘* —12.16f2 a 211

[1+2.66(fqaesf)?]

2
eff

Wtheor(f) =

where q is the ratio of the tranducer aperture radius to the distance from the ROI (typically
chosen in the transducer focal region), L is the length of the Hamming window, a is the
effective scatterer radius, n is the average concentration of scatterers per unit volume and
zvar = (Z — Zy)/Z, is the fractional change in the impedance between the scattering particle of
impedance (Z) and the surrounding medium of impedance (Z;). The exponential term is the
Gaussian form factor term in the frequency domain. Continuous isotropic media are
characterized by the correlation distance d, equation 2.10, whereas discrete isotropic media are

characterized by an average scatterer radius 2344 =1.55d (16).

The average power spectra measured from various tissues have exhibited a quasilinear
shape when expressed in dB in most of the clinical observations (43, 44, 52, 55, 63, 89, 90).
Therefore, it was considered a valid approach (53) to apply linear regression analysis to
equation 2.11. The expressions of three spectral parameters can be derived (from each two

are independent) by applying linear regression analysis directly to 10log W;;..» in equation

! Smoothly shaped curve commonly used to extract portions of the signal without discontinuities at
the edges. It is defined as Hamming Window (n)=0.54-0.46cos(2mn/N) where N is the width of the window
expressed in samples and n is the sample index.

’The relation between the correlation distance d and ae is deducted from: V, = f_wm b, (Ar)dv =
(2md?)3/>=4TaI3 using equation 2.11 for b,.
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2.11 (53, 88). These parameters are: the midbandfit (MBF, the value of the regression line at
the frequency (fc) corresponding to the middle of the bandwidth), spectral slope (SS, the slope
of the regression line) and spectral intercept (SI, the value of the regression line at 0 MHz). A

figure with representation of these parameters is presented below (section 2.4.3)

Assuming a Gaussian scattering model, these parameters can be derived as a function of
transducer specifications, effective scatterer radius and scatterer acoustic concentration
(acoustic concentration=nz,) (53). For example, SS can be expressed as a function of

fractional bandwidth (b)=transducer bandwidth (B)/f, and average effective scatterer radius:

(107 \ (20
SS= 26.06 bt - 21:(“)] n—105.5f.a2 2.12

where n=2, 3 or 4 representing planar, cylindrical or isotropic scatterers, the units for frequency
are MHz and the units for ag are mm.

Therefore, in terms of tissue properties, the theoretical expression of SS depends
only on the effective scatterer size of the predominant scattering structure in the analyzed
sample. This dependence of SS with scatterer size is presented in Figure 2.4 for transducer

specifications that match the tranducer used in the experiments presented in this thesis.
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Figure 2.4. The theoretical relationship between the effective scatterer diameter and spectral slope. The
transducer has a center frequency of 20 MHz and a -6dB bandwidth of 11 to 29 MHz.

2.4.3 General principles of spectrum analysis

Spectra are frequently used to analyze complex signals, and they have proven useful in
voice print analysis, sonar and radar. Analogous techniques can be applied to light analysis for
diverse applications such as colorimetry and spectrophotometry. In ultrasonic tissue
characterization, normalized spectral analysis allows instrument factors to be suppressed, and

provides a methodology to characterize complex tissue architecture.

Correction of system factors within the transducer focal zone is accomplished by using a
calibration spectrum derived from the front surface of a normally insonified flat quartz placed in
the transducer focus. The calibration spectrum describes the properties of the transducer,
electronic pulser and amplifier, all of which influence tissue spectra. The calibration procedure

consists of dividing the spectra of cell samples and tissues with the calibration spectrum to
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remove the effects of instrumentation dependent factors. The result of these operations is
shown in Figure 2.5 which depicts the RF signal from a tissue sample with its uncalibrated
spectrum (expressed in dB). The uncalibrated spectrum is heavily influenced by system factors
and its shape resembles that of the calibration spectrum. In contrast, the calibrated spectrum

has a quasilinear shape and describes the tissue reflectivity referenced to a standard reflector.

The averaged backscatter power spectrum describes the frequency dependence of
scattering in the analyzed medium. Frequency-dependent attenuation will affect the averaged
backscatter power spectrum and if not compensated for, will give rise to inaccurate estimates of

tissue properties. The compensated power spectrum is represented by:
Weomp () =Wineas () @200 g2(Dx)/2 2.13

where W,,..s is the averaged measured backscattered power spectrum, ao(f) is the power
attenuation coefficient in the intervening sample (assumed constant), xo is the propagation
distance in the intervening sample, a(f) is the power attenuation coefficient in the selected ROI
(assumed constant) and x is the propagation distance in the selected ROI. The factor of 2 in
both exponentials accounts for a two-way beam path. The two-way beam path in the selected

ROl is averaged in the second exponential, resulting in the cancellation of this factor.

Depending on the heterogeneity of the analyzed tissue, the calibrated spectra of RF signals
from different individual scan lines within the same sample may vary significantly. In spite of
this, the average power spectrum of RF signals derived from calibrated spectra from several
ROIs within the same tissue sample yields a relatively smooth function of quasilinear shape that
can be used to characterize mean tissue properties (27, 39, 49, 50, 52, 53, 55, 88). The spectral
parameters, SS, MBF and S| are determined from the linear regression analysis applied to the

calibrated spectrum (Figure 2.5, C). The SS measures the frequency dependence of scattering
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and provides estimates of effective scatterer size when compared with theoretical predictions,
as presented in equation 2.12. The Sl is a measure of the effective scatterer size and acoustic
concentration (53, 55). Ultrasound integrated backscatter (UIB) is representative of the area
under the calibrated RF spectra over the -6dB bandwidth of the transducer. UIB has similar
properties to MBF and represents a measure of the overall scattering strength in the analyzed
sample. It depends on the scatterer size, relative acoustic impedance and spatial arrangement

of scatterers.

Two modes of spectrum analysis are typically used for tissue evaluation: analysis of large-
region-of-interests (ROIs) and parametric-images. The large-ROl mode computes the average
power spectrum of RF data within ROIs, usually defined by simple shapes (e.g., rectangular).
For many long-term studies, the large-ROIl mode has been the method of choice in constituting
clinical data bases in order to develop tissue classifiers for diagnosis, evaluation and monitoring
(44, 50, 91). The parametric-image mode uses small, sliding windows to compute local spectral-
parameter values and displays them as color pixel values. Parametric images can be used to
depict the spatial distribution of the spectral parameters (e.g., MBF, SS and SlI) that are related
to tissue scattering properties (52, 55, 66, 91, 92), and hence can detect tissue type distribution,
i.e. discern between healthy and cancerous tissue. Furthermore, parametric images are not

restricted to simple rectangular regions allowing evaluation of areas with irregular boundaries.
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Figure 2.5 Spectrum analysis. (A) Ultrasound data collection from a mouse tumour presenting: an
ultrasound image, with the associated RF scanning lines (first panel), one of the RF lines (middle
panel) and the uncalibrated power spectrum associated to this RF line represented as a function of
frequency (bottom panel). (B) Calibration spectrum for a transducer with a nominal center
frequency of 20 MHz and a -6dB bandwidth of 11 to 29 MHz. (C) Calibrated spectrum and linear
regression line expressed as a function of ultrasound spectral parameters: MBF=SI+SSxf,, where

fc is the frequency corresponding to the middle of the bandwidth.




37

2.5 Scattering by populations with non-random distribution of scatterers

2.5.1 Background

Historically, the established scattering models in biological tissues assume that scatterers
are randomly distributed. Under this assumption, regardless of what theoretical approach is
taken, e.g. discrete or continuum scattering model, it is recognized that ultrasound scattering
increases linearly with the concentration of scatterers and is primarily affected by the size and
acoustic properties of tissue scattering structures and their relationship to the ultrasound
wavelength, as discussed in the previous section 2.4. For random distribution of scatterers, it
can be also demonstrated that an increase in the variance of the scatterer volumes yields an
increase in the backscattering coefficient (15).

The assumption of randomly distributed scatterers may not hold in cell samples or tumours
with tightly packed cells. For example, in modeling the scattering from red blood cells, red blood
cells are considered densely packed and the positions of any pair of adjacent cells are
correlated when the average separation between cells is less than 10% of the cell diameter
(16). Cells and nuclei in cell samples and tissues are even more packed than red blood cells
(Figure 2.6). Therefore, it is reasonable to consider some correlation between the positions of
cells and nuclei in cell samples and tissues. Correlation between the scatterer positions
(implying some organization) results in interference effects and this may influence significantly
the ultrasound scattering from a distribution of particles (15). Added complexity to the analysis
of the results arises if the scatterers, within the analyzed distribution, have different sizes,

shapes or acoustic properties, as likely occur in tissues.
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A H&E, viable cells B H&E, tumour xenograft

Figure 2.6 Hematoxylin and Eosin staining of a section through a (A) FaDu cell sample and (B) FaDu

tumour illustrating densely packed cells. The scale bar represents 20 um.

The linear relationship between the backscattering coefficient and the concentration of
scatterers is lost when the position of a given scatterer is not independent of the location of any
other scatterer (the scatterer positions are correlated). This situation has been discussed
frequently in the literature based on the evidences of the backscattering from blood (15, 93, 94).
For instance, the backscattering coefficient increases linearly with the volume concentration of
red blood cells up to a maximum of approximately 16%, after which it decreases, because of the
loss of randomness in the position of particles (15). Similar effects, an increase of the
backscattering coefficient from nucleated cells up to cell volume fractions between 20% and
30% followed by a decrease, have been reproduced using suspensions of nucleated cells by

Baddour et al (95).

To theoretically predict the backscattering coefficient from suspension of red blood cells in
this regime (the positions of red blood cells are correlated), a correction factor, called packing

factor, has been introduced (15, 96, 97). For a particular case in which all the red blood cells in
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the insonified blood volume are identical with a mean scatterer volume of V., the model predicts

that the backscattering coefficient by blood is given by the equation 2.14:

o, = DSHW 2.14

where oys is the backscattering cross-section of a red blood cell (Figure 2.2), H is the
hematocrit and W is the packing factor. The packing factor represents a measure of the degree
of the orderliness in the spatial arrangement of the red blood cells and is used to correct for the
destructive phase interferences introduced by the increase in correlation between particles. It
can be viewed as a measure of orderliness in the spatial arrangement of red blood cells (15). At
very low hematocrit when the positions of red blood cells are completely random the packing
factor is equal to unity. As H increases, the packing factor decays gradually to zero since closer
packing will lead to a greater order. The packing factor is based on the Percus-Yevick pair-
correlation function for particles that are identical and radially symmetric (slabs, circles, spheres
for m=1, 2 and 3). The Percus-Yevick packing factor for hard sphere (m=3) expressed as an
unknown function of hematocrit (equation 2.15) was first applied to blood by Shung (15, 16):

_ (-m*
T (142H)2

2.15

The equation 2.14 with this expression of the packing factor (equation 2.15) provides a fairly
good fit to the observed backscattering by blood under laminar flow conditions (16). This model
has been also able to explain the “black” regions in the ultrasound images of high concentrated

red blood cells, as being caused by a more regular separation of cells in those regions (15, 94).
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2.5.2 Scattering by regular and more random distributions of point-like

scatterers

In the context of understanding how different degrees of randomness in the spatial
distribution of scattering sources influence the changes in ultrasound bacckscatter, large
changes in backscatter have been predicted by the model of Hunt et al (72, 73) for point
scatterers® with constant number density but with differing degrees of randomization. The model
attempted to explain the acoustic microscope images of spheroids produced by Sherar et al
(98). In these acoustic microscope images the backscatter amplitude was constant through
small spheroids but increased in cells deprived of O, and nutrients. The apparently normal cells
had a fairly regular distribution and low backscatter values while the hypoxic cells had pyknotic
centers, a highly disorganized distribution and high backscatter values. The model also
attempted to explain part of the large changes measured in backscatter ultrasound from
apoptotic cells compared to normal cells (26, 36). The cytology of apoptotic cells revealed a
more disorganized distribution after exposure to a chemotherapeutic drug. The model predicted
an increase of up to four times in the maximum amplitude of backscattered ultrasound for a
tissue or cell sample with the same type of cells and same acoustic properties but different
spatial distribution of the cell scattering centers (e.g. fairly regular to more random distribution).
In a tumour the differences in backscatter intensities could be due to changes in cellular
properties (e.g., size, acoustic impedances) and could be linked to different degrees of
randomness in the spatial distribution of scattering sources. Therefore, part of the increase in
backscatter during the sequence of cell death may be the result of varying degrees of scatterer
randomization induced by the disorganization of tissue structure following cancer treatment.
Since the model of weak scattering from randomly distributed inhomogeneities does not take

into account the changes in the spatial arrangement of scatterers, the Hunt model will be used

A point scatterer does not have a volume and its pulse echo response is a positive delta function or unit
impulse function.(6(x) = 1 for x = 0and §(x) = 0, for x # 0).
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in this thesis (Chapter 5) to investigate the changes in ultrasound scattering resulting from the
increase in randomization of scatterers spatial distribution. An overview of the mathematical
derivation of the backscatter signal from regularly spaced and more randomly distributed

scatterres (72, 73) is described in this paragraph.

Following the notation adapted by Jensen (99) a model for the scattering process can be

summarized by the flow-chart presented in Figure 2.7:

Transmi

InputvoltageV.(t)———\ E.(t) —--’ H.(rt)

) \ Scattering

| volume '

Receive |

- P o S(ry
Output voltage Vo(t)*-—: E.(t) \«-—: H.(rh ]//

Figure 2.7 System block diagram of the transmit/receive response for a scattering volume in a non-
attenuating medium. The ultrasound pulse is generated by a pulser and modified by several transfer

functions until output voltage is finally measured.

V() =V, (0)* B, () * Hy (r,0)* S(r,0)* Hy (1,0) * Ey (1) 216
where :
- Vo(t) is the output voltage from the transducer;

-V, (¢) is the excitation voltage;
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-E.(t) and E,(¢)are the electromechanical responses of the transmitter and receiver

tranducers;- H,.(r,t) is the transmit spatial impulse of the transducer and H ,(r,?) is the receive

spatial impulse of the transducer located at the position r;

-S(r,t) is the scattering term accounting for perturbations or inhomogeneities in the

medium that give rise to the scattered signal,
The transmit—receive pulse-echo electromechanical impulse response of the transducer is

defined as:

P@O) =V, ()* E(0)* B () * S(r,1) 217

Assuming that the same transducer is used on transmit and receive, equation 2.16 can be

rewritten as,:

V,(t)=P@)*H,(r,t)* Hy(r,1) 2.18

Where P(t) can be modeled as a Gaussian—shaped pulse. Extending equation 2.18 to consider

many scatterers within the resolution volume, yields:
N

V,(6) = P()* Y Hy (5,0 * Hy (7:,1) 2.19
i=1

Where r; is the position of the ith scatterer and N is total number of scatterers. This equation

describes the backscatter signal for the transducer held in one position and for one excitation
burst. The problem simplifies when H (r;,t) and H,(r,,t) are considered & functions, thus if the

i scatterer is in the resolution cell of the transducer, a positive delta peak occurs at the time
corresponding to the twice distance between the ™ scatterer and the transducer. The
backscattered signal from the cloud of scatterers can be computed by summing all pulse-echo
impulse responses functions before convolution with the transducer pulse function P(t)
(equation 2.19). In Chapter 5 of this thesis more detail is presented about the implementation of

this model in order to simulate changes in ultrasound backscatter following cell death.
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2.6 Structures potentially responsible for ultrasound scattering in tissue

Biological tissues are complex structures consisting of cells of different sizes and different
composition interspersed with blood vessels and connective tissue. The complexity of tissue
composition and the frequency dependence of scattering, i.e., different scattering structures
may predominantly scatter ultrasound within certain ranges of frequency, may be the reason
that the fundamental ultrasonic scattering structures in tissue are still unknown. Fields and Dunn
(100) proposed that echographic appearance of a tissue may be related to the content of
connective tissue because acoustic properties of connective tissue such as collagen and elastin
seem to significantly differ from the acoustic properties of other tissue components, e.g., fat,
water, protein (16). Later, several investigators confirmed that collagen plays a significant role in
determining tissue ultrasonic properties including scattering (101-103). However, Bamber et al
(104) showed a poor correlation between the ultrasonic properties and the content of connective
tissue in different organs, i.e., liver, spleen and kidney. The reason for this discrepancy might be
attributed to the variation in the content of the connective tissue being too small to be detected
by ultrasound. Then, it was hypothesized that the size of tissue structures may dominate
ultrasound scattering (84, 105). Thus, results from ultrasound studies of scattering from blood,
whose composition is much simpler than the majority of other tissues, indicate that small

changes in the average size of red blood cells greatly affects ultrasound scattering (15).

The majority of ultrasound tissue characterization work conducted in the past was performed
at clinically relevant ultrasound frequencies within the range of 2-10 MHz. At these frequencies,
the ultrasound interrogating wavelengths are approximately 150-750 um, much larger than the
typical dimension of a cell or nucleus (10-20 pm). Since the frequency of ultrasound waves
determines the scale of scattering structures and the strength of scattering, within this regime,

larger tissue structures, larger than cells, act as main scatterers. For example, the Gaussian
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model applied to estimate the average scatterer size in the kidney yielded two main scattering
structures depending on the ultrasound frequencies. Frequencies of 2-7 MHz yielded estimates
of average scatterer size of 220 £ 15 uym close to the size of kidney glomeruli (200 um) (16). By
increasing the frequency to 16 MHz the same estimation technique yielded average scatter
sizes of 55 £ 10 ym close to the size of kidney tubules (50 um) (16). These results clearly
indicate that different structures in tissue will scatter preferentially depending on interrogating
ultrasound frequencies. Higher ultrasound frequencies will be sensitive to even smaller
structures, e.g., the cell and cell nucleus, as suggested by experiments analyzing the
backscatter changes in compact aggregates of cells, within a large range of ultrasound
frequencies of 5 to 60 MHz (39, 40, 42, 106). The work of Oelze et al (67, 87) comparing
ultrasonic scatterer size estimates with histological sections, suggested that cells or structures
in the range of cells are dominant sources of scattering from the mouse models of mammary
cancers. Increasing the ultrasound frequency to a range of 30 to 90 MHz (wavelength of 17-50
pm), the same estimation techniques yielded scatter size estimates close to that of a cell
nucleus (107). Furthermore, investigations in our laboratory on ultrasound backscatter from
mono-nucleated HEK and multinucleated HEK cells with larger cell sizes and multiple nuclei
(40) and experiments on isolated nuclei of AML cells (42) have indicated that the size of the
nucleus, not the size of the cell itself dominates the backscatter in cell ensembles at frequencies
of 20 to 60 MHz. Based on these considerations, my working hypothesis in this thesis is that the
backscatter characteristics from cell samples or tumour tissue are closely linked to cellular and
nuclear acoustic properties. The ultrasound scattering models presented in this chapter and the
results presented in Chapters 3, 4 and 5 help in addressing this working hypothesis in Chapter

6.
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3 QUANTITATIVE ULTRASOUND CHARACTERIZATION OF CANCER

RADIOTHERAPY EFFECTS IN VITRO*

3.1 Abstract

In this chapter, | demonstrate the application of quantitative ultrasonic methods to
characterize cellular responses to cancer radiotherapy, in a well-controlled environment in vitro.
The work presented in this chapter allows the study of the mechanism by which ultrasound is
capable to assess cellular responses to radiotherapy in vitro in compact aggregates of cells

emulating cells arrangement in a tissue.

Three different cell lines were exposed to radiation doses ranging from 2 to 8 Gy. Data
were collected with an ultrasound scanner using frequencies of 10 to 30 MHz. As indicators of
response, ultrasonic integrated backscatter and spectral slope were determined from cell
samples. These parameters were corrected for ultrasonic attenuation by measuring speed of

sound and attenuation coefficient slope.

A significant increase in the ultrasonic integrated backscatter ranging from 4-7 dB
(p<0.001), was found for radiation treated cells compared to viable cells at all radiotherapy
doses. The spectral slopes decreased in the cell samples that predominantly underwent mitotic
arrest/catastrophe following radiotherapy, consistent with the increase in cell size, whereas the
spectral slopes did not change significantly in the cell samples that underwent a mix of cell

death including apoptosis and mitotic arrest, with no significant change in average cell size.

* The work presented in this chapter has been published as: Vlad RM, Alajez NM, Giles A, Kolios MC,
Czarnota GJ. Quantitative ultrasound characterization of cancer radiotherapy effects in vitro. Int J of
Radiat Oncol Biol Phys 2008;72:1236-43.
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The changes in ultrasound integrated backscatter and spectral slope were direct
consequences of cell and nuclear morphological changes associated with cell death. The
results indicate that this combination of quantitative ultrasonic parameters has the potential to
assess cell responses to radiation, differentiate between different types of cell death and

provide a framework to monitor tumour responses in vivo.
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3.2 Introduction

In clinical oncology and experimental therapeutics, changes in tumour growth rate or
volume have traditionally been the first indication of treatment response. These changes
typically occur late in the course of therapy. Currently, there is no routinely used imaging
modality to assess tumour responses to cancer treatment within hours to days after the delivery
of radiation treatment. Computed tomography (CT) and positron emission tomography (PET)
imaging or combined CT/PET imaging have been used to assess tumour responses to cancer
therapies typically 3 to 4 weeks, after the initiation of the treatment (10, 108). Dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI) measurements have been observed to
correlate with immunohistochemical surrogates of tumour anti-angiogenesis (109, 110) within
the same time frame. Dynamic contrast-enhanced Doppler ultrasound (DCE-DUS) has been
successful in predicting early tumour response in isolated limb perfusion of limb sarcomas (111)
within 1 to 7 days after therapy delivery. However, the use of such imaging modalities to monitor
the responses of tumours to cancer therapies can be limited either by their cost (DCE-MRI,
PET, CT, combined PET/CT) or limited applicability (DCE-DUS). The ability to assess early
tumour responsiveness to therapy within days after the start of the treatment, could ultimately
aid clinicians in making decisions to modify therapy e.g., choosing different radiation regimens,
adding a radiosensitizer or using different chemotherapy drugs that potentially could result in
more effective treatment leading to improved outcomes and sparing patients from unnecessary

side effects.

The ultrasonic scattering process in biological tissues is primarily affected by the size,
acoustic impedance (Z=p/k, where p is density and k is compressibility) and the spatial
distribution of the tissue scattering structures. Ultrasonic tissue characterization techniques are

based on the premise that disease processes or therapies alter the physical characteristics of
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tissue (i.e., compressibility, density and scatterer size) and these alterations cause observable
changes in acoustic scattering properties. Characterization of the tissue microstructure by
examining the frequency—dependent backscatter has been used to diagnose ocular tumours,
cardiac and liver abnormalities (44, 55, 62), differentiate benign fibroadenomas from mammary
carcinomas and sarcomas (66) and has provided good diagnostic accuracy in the detection and

lesion localization of prostate cancer (52, 57).

The aim of cancer radiotherapy is to kill tumours by inducing cell death including
apoptosis and mitotic arrest/catastrophe (1). Currently, standard methods for detecting cell
death are invasive and involve special staining. Previous studies have indicated that high
frequency ultrasound i.e., 10-60 MHz, is sensitive to apoptosis in vitro and in vivo (26). The
backscatter intensity from apoptotic cells exhibited a significant increase, e.g., up to a sixteen
fold increase in comparison with viable cells (27). In addition, the spectral slope was observed
to increase significantly for apoptotic cells versus viable cells consistent with nuclear
condensation and fragmentation assessed from cytological staining. For the range of the
ultrasonic frequencies used in these studies of 10 to 60 MHz, the corresponding wavelengths of
25 to 150 ym approach the cell and nuclei sizes (10-20 ym) and hence are more sensitive to

changes in cellular structure than conventional ultrasound (106).

In this chapter, | investigate whether the ultrasonic imaging, ultrasonic integrated
backscatter (UIB) and spectral slope (SS) calculated from ultrasonic power spectra can be used
in the laboratory to monitor the responses of tumour cells exposed to radiation treatment. The
study represents the first evidence of the use of spectral parameters to detect radiotherapy
effects in vitro, specifically differentiating between cell samples that die predominantly by mitotic

arrest/catastrophe from cells that die predominately by a mix of apoptosis and mitotic arrest.
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Three different cell lines were used in this study: AML, FaDu and Hep-2. The AML cell
line was used as a reference model because the apoptotic response of this cell line to a
chemotherapeutic drug was histologically and ultrasonically well characterized (26, 27). The
head and neck cancer cell lines (FaDu and Hep-2) were chosen because a main primary

treatment modality for head and neck cancers is radiotherapy.

3.3 Methods

3.3.1 Cell preparation

Acute myeloid leukemia cells (OCI-AML-5) (112) were grown from frozen stock samples
as described elsewhere (40). Human head and neck tumour cell lines, FaDu and Hep-2, were
obtained from American Type Culture Collection (ATCC). Hep-2 was cultured in (a-MEM)
supplemented with 0.1% gentamycin and 10% fetal bovine serum (FBS), whereas FaDu was
cultured in Eagle’s Minimum Essential Media with 2 mM L-glutamine and Earle's balanced salt
solution adjusted to contain 1.5 g/L sodium bicarbonate, 1.0 mM sodium pyruvate and 10%

FBS. All cell lines were grown in a humidified atmosphere at 37°C, containing 5% CO..

Cell samples were irradiated using a small animal and cell irradiator Faxitron Cabinet X-
ray System (Faxitron X-ray Corporation, Wheeling, IL, USA). This delivered 160 keV X-rays at a
rate of 200cGy/minute and at doses of 2, 4 and 8 Gy. Structural changes that are characteristic
of apoptotic and mitotic response (i.e., increase in cell and nuclei size, membrane ruffling,
cytoplasm vacuolization, nuclei fragmentation and condensation and formation of apoptotic and
mitotic bodies) were used as an indication of responses to radiotherapy. These structural
changes were observed in AML cell culture for all applied radiotherapy doses and at 8 Gy for

FaDu and Hep-2 cell lines at 48 h after exposure to radiotherapy. The cell samples were
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ultrasonically imaged 48 h after exposure to radiotherapy because keeping the treated cells
longer than 2 days in the culture would allow the surviving cells to further divide decreasing the
chance to effectively image the early radiation effects. The 8 Gy radiation dose is consistent
with large palliative doses that are administrated in the clinic to obtain appreciable rapid clinical

effects.

Before ultrasound data acquisition, cells were trypsinized (Hep-2 and FaDu), washed in
PBS (phosphate-buffer-saline) and centrifuged at 1900 g. Parallel samples consisting of
untreated (control) and treated cells were prepared by centrifugation in a custom-built sample
holder. The sample holder had 3 cylindrical holes of 8 mmx7 mm (diameter x height). Treated
and control samples were prepared by centrifugation of cells in two separate wells. The other
well, containing PBS, served as a calibration reference. The cell samples were independently

prepared in triplicate from different sets of cells.

3.3.2 Ultrasound data acquisition and analysis

A VS40B high-frequency ultrasound device (VisualSonics Inc., Toronto, Ontario) was
used to image cell samples. A transducer with a nominal center frequency of 20 MHz and a -6
dB bandwidth of 12-28 MHz was used to collect ultrasound data. Data were collected within the
transducer depth of field (3.12 mm), from five different planes containing 40-60 scan lines each
and stored digitally at a sampling rate of 500 MHz. The regions of interest (ROIs) chosen to
calculate the backscattered power spectra contained 15 to 25 independent scan lines at a
distance of 250 ym (the transducer beamwidth at the nominal center frequency) and were 1 mm

deep, centered around the transducer focus.

Ultrasound scan lines from each bracketed line segment were multiplied by a Hamming
weighting function to suppress spectral lobes and the Fourier transform was computed. The

squared magnitudes of the resultant spectra from all ROIs were averaged and divided by the
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power spectrum computed from a flat quartz calibration target in order to calculate the
normalized power spectra. This procedure removed system and transducer transfer functions to
provide a common reference for data collected with various transducers and systems (89). The
normalized power spectra were compensated for frequency dependent attenuation according to
Taggart et al (40). The resulting normalized power spectra were integrated over the transducer -
6 dB bandwidth to calculate the UIB. Linear regression analysis was used to calculate the SS
from the normalized backscatter power. The SS is an indicator of effective scatterer size and a
decrease in SS corresponds to an increase in effective scatterer size when properly corrected
for attenuation according to Lizzi et al (55). Further details on the theoretical and signal analysis

considerations can be found elsewhere (44, 49).

The speed of sound (SOS) and attenuation coefficient slope (ATS) were obtained by
repeating each of the measurements on three different ROIs on the same cell sample. A time-
of-flight method (74) was used to calculate SOS. The SOS was used to calculated the thickness
of the cell sample (D=SOS X t, where t is the time difference between the arrival time of the
echo from the top of the cell sample to the bottom of the well containing the cell sample). The
thickness of the cell sample was used to calculate the ATS as a function of frequency using a a
broadband technique (74). Detailed presentation of SOS and ATS, data collection and analysis,

are described in a recent publication (40).

3.3.3 Statistics.

The statistical analysis was performed using GraphPad Prism (GraphPad Software, San
Diego, California, USA). A t-test was applied to each combination of conditions and a p<0.05
was considered significant. The ultrasonic parameters calculated from all ultrasound scan lines
for one treatment condition, considered as one population, were compared against the

ultrasonic parameters computed from the corresponding control sample for FaDu and Hep-2 cell
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lines. One way ANOVA was applied to test the changes in the ultrasonic parameters calculated
from all three treatment conditions considered for AML cell line. The Bonferroni correction was

applied to the probability value and p<0.0167 was considered significant.

3.3.4 Cytological analysis, cell size and morphology measurements

To investigate the morphology of cells at each experimental condition, ultrasonically
imaged samples were fixed for 24 hours in 10% buffer formalin, embedded in paraffin and
processed as histological sections. Hematoxylin and eosin (H&E) staining and phase contrast
microscopy images were used to assess general cell morphology. Cell and nuclear fragment
sizes for each experimental condition were measured with a Multisizer3 Coulter Counter
(Beckman Coulter, Mississauga, Ontario, Canada) using a 100 uym aperture that allowed precise
and reliable particle size measurements in the 5-60 ym range. Flow cytometric analysis using
propidium iodine was performed to measure cell DNA content using a FACS caliber (BD

Biosciences, Mississauga, Ontario, Canada) as described elsewhere (113).

3.4 Results

The values of ATS, SOS, UIB, cell size and SS for all viable and treated cell samples are
presented in Table 1. Statistically significant differences were not observed between ATS and

SOS values from viable and irradiated cell samples for each cell line.
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Cell type ATS +/- SE SOS uUiB Cell size(pm) SS +/- SE
(dB/mm/MHz) (dB/MHz)
+/- SE (m/s) +/- SE (dB) +-
variance(pmz)
AML control | 0.054 +/-0.002 1530 +/-2 -55.4 +/-0.3 10.3 +/-2.3 0.89 +/-0.08
AML 2Gy 0.063 +/-0.005 1501 +/-6 -51.6 +/-0.6 10.4 +/-4.5 0.91 +/-0.05
AML 4Gy 0.060 +/-0.007 1516 +/-5 -48.3 +/-0.5 9.2 +/-5.2 0.84 +/-0.06
AML 8GY 0.055 +/-0.008 1514 +/-3 -49.6+/-0.6 9.9 +/-4.6 0.85 +/-0.10
FaDu 0.070 +/-0.002 1532 +/-4 -50.5+/-0.7 16.6 +/-7.5 0.53 +/-0.07
control
FaDu 8Gy 0.068 +/-0.003 1499 +/-2 -46.3 +/-0.8 19.9 +/-19.1 0.34 +/-0.08
Hep-2 0.060 +/-0.007 1540 +/-7 -52.3 +/-0.4 174 +/-5.4 0.57 +/-0.04
control
Hep-2 8Gy 0.059 +/-0.005 1543 +/-3 -45.9+4/-0.6 18.0 +/- 14.1 0.44 +/-0.07

Table 3-1. The ATS, SOS, UIB, average diameter +/- variance and SS measured for all cell samples. SE

represents the standard error of the average ultrasonic parameters. Three cell samples were considered

for each experimental condition.

The UIB increased for all three cell lines (FaDu, Hep-2 and AML) exposed to

radiotherapy, by 3.8-7.1 dB (p<0.001) (Table 1). Figure 3.1 shows two representative ultrasound

images of an untreated and treated Hep-2 cell sample corresponding to the UIB values

presented in Table 3-1.
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Hep2 0Gy Hep2 8Gy

Figure 3.1. Representative ultrasound images of Hep-2 cell samples demonstrating an increase in
ultrasound backscatter, observed as an increase in image brightness (~ four-fold increase), after
radiation. The height of the cell pellet is ~ 2mm. The smallest division on the scale on the lateral side of
each pellet is 0.1 mm. The small triangle on the right side of each cell sample represents the location of
the transducer focal point. The hyperechoic line across the bottom of the ultrasound image is the bottom

of the sample holder.

The SS can be related to the size of the major scattering structures in a sample (43, 55).
In this study, the SS revealed different trends depending on the changes of cell/nuclear sizes
following different modalities of cell death. The SS calculated for the AML cell samples did not
change significantly between the viable and treated samples and between the samples treated
with different radiation doses, (Table 3-1 and Figure 3.2A). The corresponding H&E image of
the AML cells treated with radiotherapy exhibited a mix of cell death: apoptosis with nuclear
condensation and fragmentation and mitotic arrest with enlarged cells (Figure 3.2A). The SS
calculated for Hep-2 and FaDu cell samples decreased with the irradiation dose by 20-40%

(p<0.05) as presented in Table 3-1 and Figure 3.2B.
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Figure 3.2. Normalized power spectra and microscopy images before and after treatment, for AML (A),

FaDu (B) and Hep-2 (C) cell samples. The scale bars in H&E and phase microscopy slides are 20 um.

The phase contrast microscopy images of the two head and neck cancer cell lines, FaDu
and Hep-2, presented morphological characteristics of only mitotic arrest/catastrophe with
enlarged cells and nuclei after exposure to 8 Gy radiation dose as presented in Figure 3.2 (B

and C). The decrease in the SS can be interpreted as an increase in the average scatterer size,
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which is consistent with the observed increase of cell/nuclear sizes. To identify the modalities of
cell death following radiotherapy, in addition to histology, flow-cytometric measurements of DNA
content were carried out. Because the nucleus becomes fragmented during apoptosis, sub-G;
fractions were identified as apoptotic cells. The sub-G; peak can represent in addition to
apoptotic cells, mechanically damaged cells and cell fragments resulted from the advanced
stages of cell death, as described in (5, 113). The G,/M peak was identified as cells in mitosis
and mitotic arrest, whereas the peak with higher than double DNA content (higher than in the
G,/M fraction) was identified as cells in mitotic catastrophe. Cells typically die by mitotic
arrest/catastrophe after they undergo up to four unsuccessful mitotic cycles as defined in
Tannock et al (1). The analysis of the DNA content for AML cell samples demonstrated a mix of
cell death by apoptosis, with a 25-fold maximum increase in the sub-G; fraction and a 3.5-fold
maximum increase in the G,/M cell fraction, as presented in Figure 3.3A. For the head and neck
cancer cell lines no sub-G; fractions were detectable but there was an approximately two fold
increase in the mitotic cell fraction (G,/M) and a six to eight fold increase in the mitotic

catastrophe (polyploid) cell fraction (Figure 3.3, B and C).
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Figure 3.3. Flow-cytometric measurement of cellular DNA content. AML cell samples (A) demonstrating
an increase in the apoptotic and mitotic cell fractions illustrated by the sub-G; fraction (0.64%-0GY,
6.16%-2Gy, 9.16%-4Gy, 17.05%-8Gy) and G,/M fraction (10.69%-0GY, 27.23%-2Gy, 36.39%-4Gy,
25.39%-8Gy); FaDu (B) and Hep-2 (C) demonstrating an increase in G,/M fraction (FaDu: 18.48%-0Gy,
32.81%-8Gy; Hep-2: 22.09%-0Gy, 37.16%-8Gy) and polyploid fraction (FaDu: 1.15%-0Gy, 9.46%-8Gy;
Hep-2: 1.61%-0Gy, 11.95%-8Gy) after radiotherapy consistent with mitotic arrest/catastrophe.

Scatterer size can be a major determinant of the ultrasound backscattering strength,
(indicated in this study by UIB) and of ultrasound backscattering frequency dependence
(indicated in this study by SS). Measurements of cell size distributions were carried out to
determine how the sequence of cell death affected cell sizes and correlate these changes to the
ultrasonic parameters. The measurement of cell sizes demonstrated no significant changes in
the average AML cell sizes with the treatment, (Table 1), however, the cell size distributions
changed with the exposure to different radiotherapy doses. The cell size distributions revealed

an increase in the count of smaller sizes, consistent with apoptotic cells and nuclear fragments,
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and an increase in the count of larger sizes, consistent with mitotic arrested cells (Figure 3.4).
An increase in the count of larger sizes was measured for FaDu and Hep-2, consistent with cell

death by mitotic arrest/catastrophe exhibited by these cell lines (Figure 3.4, B and C).
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Figure 3.4. Histograms of cell size distributions for AML (A), FaDu (B) and Hep-2 (C) before and after
radiotherapy, demonstrating changes of cell size distributions depending on the cell type and radiation

dose. The histograms were normalized to one by dividing each count from the distribution to the

maximum count.

In this chapter, | also investigated the variance of cell size (the squared standard
deviation) because it can considerably influence cell and nuclei spatial organization in a sample
(72, 73). The UIB measured from all cell samples correlated well with the variance of cell sizes
with a Pearson correlation coefficient of r=0.80 and statistical significance of p< 0.01 (Figure
3.5). The goodness of fit of the linear regression was r’=0.64, suggesting that the increase in

cell size variance may have a contribution to the increase of ultrasound backscatter.
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Figure 3.5. Linear correlation between the UIB and the variance of cell sizes measured from all cell
samples, viable and exposed to radiotherapy. The curved lines are the 95% confidence bands of the
regression line representing the boundaries of all possible straight lines, including the 95% interval of

slopes and intercepts.

3.5 Discussion

This chapter demonstrated the use of ultrasonic spectral parameters to detect cell
responses to radiotherapy and differentiate cell samples that die predominantly by mitotic
arrest/catastrophe from cell samples that die predominately by a mix of apoptosis and mitotic
arrest. The changes in ultrasonic parameters were direct consequences of cell structural
changes following the sequence of cell death and hence, provides a basis for characterizing
tumour responses to radiotherapy in mouse cancer models (29). The SOS and ATS were used
to correct the normalized power spectra for frequency dependent attenuation and provided an

understanding of how attenuation and speed of sound may change with radiotherapy.
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Considering that the cell sample provides a good model of a tissue, this information is essential

to in vivo applications of this technique (29).

Ultrasonic parameters, including SS and UIB, have been used before to characterize
diseased tissue, or tissue and cell samples exposed to different therapeutic agents (27, 28, 40,

52, 55, 62).

The UIB increased in all cell samples exposed to radiotherapy. The UIB depends on
size, acoustic properties (density and compressibility) and spatial arrangement of scatterers in a
sample. Previous studies demonstrated an increase of ultrasound backscatter in vitro and in
vivo for the cell samples exposed to chemotherapeutic drugs, photodynamic therapy (26, 27)
and exposed to ischemic injury (28). The mechanism behind this increase was broadly linked to
cell and nuclear morphological changes observed histologically during the sequence of cell
death. This study confirms these observations using three cell lines exposed to radiotherapy
that underwent different types of cell death. Qualitative analysis of cell microscopy images, the
measurements of cellular DNA content and cell size distributions demonstrated that, as
expected, the nuclear sizes decreased during cell death by apoptosis and increased during
mitotic arrest/catastrophe followed by similar changes in cell sizes (Figures 3.2, 3.3 and 3.4).
The changes in cell and nuclei sizes during the sequence of cell death resulted in an increase of
the cell size variance by more than two fold as shown in Table 3-1. The increase in the variance
of cell sizes may have a contribution to the UIB increase as suggested by the strength of the
correlation between the UIB and the variance of cell sizes (r>=0.64). This is further addressed in
Chapter 5 of this thesis. Other contributions to the UIB increase can be attributed to

morphological changes of cells and nuclei (e.g., sizes and acoustic properties).

The SS can be used to characterize the size of the major scattering structure in tissue as

demonstrated previously (43, 44, 52, 63). Previous work of Kolios et al (27) demonstrated that
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the SS increased in the cell samples that predominantly presented classic features of apoptosis
including cell shrinkage and nuclear condensation and fragmentation. In contrast, in the
experiments presented in this chapter, the SS decreased in cell samples that predominantly
underwent mitotic arrest/catastrophe and did not change in the cell samples that underwent a
mix of apoptosis and mitotic arrest. We suggested that this detection is based on the changes of
cell and nuclei sizes during different modalities of cell death. Therefore, the SS can be used as
an aid to differentiate the predominant form of cell death in cell samples exposed to different

types of therapies.

The head and neck cancer models were chosen in this study because a primary
treatment modality for these types of cancers is radiation therapy. Considering future
applications of the technique described in this work, these type of tumours could be accessed in
humans with endoscopic probes working at 10 to 20 MHz (114). Ultrasound imaging enhanced
by ultrasonic spectral parameters could provide the benefit of determining the tumour response
early, within days after treatment starts, allowing tumour imaging before and multiple times
during the treatment. An early indicator of treatment response would be of great value to tailor
treatments to individual patients and particularly promising in multistage interventions or

combination treatments.

A penetration depth of 3 to 5 cm allows the technique to be applicable to a variety of
tumours types such as skin cancers, certain cancers of the breast and cancers that can be
reached with endoscopic probes such as nasopharyngeal and gastro-intestinal cancers. Studies
in progress in our laboratory are investigating the potential of detecting similar effects with

lower-frequency ultrasound down to 5 MHz that may enlarge the range of applications.

In conclusion, ultrasound imaging (10-30 MHz) and quantitative ultrasonic methods were

used to detect responses to radiation treatment in vitro and differentiate between cells that die
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predominantly by mitotic arrest/catastrophe from cells that die predominately by a mix of
apoptosis and mitotic arrest. Experimental evidence supports the basis for ultrasonic detection
of radiation therapy effects to be changes in size and potentially size variance of cell and nuclei
following apoptosis, mitotic arrest and mitotic catastrophe. The technique may be applied pre-
clinically in vivo on tumours grown subcutaneously in mice for further ultrasonic characterization
of tumour responses to radiotherapy (29). The results indicate that these cell structural changes
have a strong influence on backscattered ultrasound and SS, providing a framework for future
experiments with the goal of demonstrating the potential of rapidly and non-invasively
monitoring and differentiating the effects of radiotherapy and other anticancer treatments using

an ultrasound based approach.
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3.6 APPENDIX - Assessment of cell morphological changes indicative of

responses to ionizing radiation

These cell structural changes: cell shrinking, nuclear condensation and fragmentation,
enlarged cells and nuclei are characteristics of apoptosis and mitotic arrest/catastrophe. They
represent indicators of radiation responses and hence precursors of cell death in this study.
These cell structural changes were qualitatively and quantitatively assessed by cytologic and
histologic analysis and measurements of cell sizes and DNA content. Finally cumulative cell

death following radiation therapy was assessed using clonogenic assays.

Cytology and histology analysis include hematoxylin and eosin, TUNEL and fluorescent
staining. Haematoxylin and eosin is the most widely used stain combination in medical
diagnosis. The staining method involves application of the basic dye hematoxylin, which colors
basophilic structures with blue-purple hue, and alcohol-based acidic eosin, which colors
eosinophilic structures in bright pink. The basophilic structures are usually the structures rich in
chromatin, e.g., cell nucleus and structures containing nucleic acid, e.g., the ribosomes °. The
eosinophilic structures are generally composed of intracellular and extracellular protein. Most of
the cytoplasm is eosinophilic. The structures do not have to be acidic or basic to be called

basophilic and eosinophilic. The terminology is based on the affinity to the dyes.

TUNEL (Terminal uridine deoxynucleotidyl transferase dUTP nick end labeling) is a
common method to detect cells that undergo apoptosis. It detects DNA fragmentation that
results from apoptotic signaling cascades. The assay relies on the presence of nicks (breaks) in
the DNA which can be identified by terminal deoxynucleotidyl transferase, an enzyme that will

catalyze the addition of dUTPs ° that is secondarily labeled with a marker to the 3’ hydroxyl

® The site of protein synthesis, it contains RNA (ribonucleic acid).
6 Deoxyuridine—triphosphate is one of the 5 nucleotides from the structure of the nucleic acids.
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termini of double and single stranded DNA (1). It may also label cells undergoing necrosis or

cells that have suffered severe DNA damage.

The fluorescent probes including Hoechst 33342 to stain cell nuclei and complementary
red-fluorescent Alexa Fluor 594 to stain cell membranes were used in this study. The
fluorescence probe Hoechst 33342 is DNA selective and emits blue fluorescent light when is
excited by ultraviolet light. The complementary fluorescent probe Alexa Fluor 594 binds
selectively to some components of the cell membrane (N-acetylglucosamine and N-

acetylneuraminic acid), absorbs green light and emits red fluorescent light.

Cell cultures were examined using phase contrast microscopy imaging. The phase contrast
microscopy relies on the small differences in the refractive index and thickness between parts of
the specimen such as between nucleus and cytoplasm or between the specimen and the
surrounding medium. These differences are seen as degree of darkness or brightness in the
image of the sample. The advantage of this technique is that cells do not involve any staining
and can be monitored at different time intervals as many times as needed alive in the culture

flask.

Cell size measurement was performed using a Multisizer 3 Coulter Counter that can
provide high throughput analysis of cell number and cell size distributions from cell suspensions.
The overall analysis range is from 0.4 to 1200 um. Cells, once, suspended in a weak electrolyte
solution are drawn through a small aperture that separates two electrodes that have an electric
current flowing between them and thus, creating a voltage across the aperture. As a cell
passes through the aperture, it displaces its own volume of electrolyte, momentarily increasing
the impedance of the aperture. This change in impedance produces a pulse that is directly
proportional to the volume of the cell that pass through the aperture. Finally, the analysis of

these pulses enables a cell size distribution to be computed and displayed.
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DNA content measurement provides a mean to quantify the modalities of cell death in a cell
sample. Flow cytometry offers the advantage of a rapid analysis of large populations of
individual cells with the aim of detecting various parameters of cell death based on the changes
in light scattering properties of the dying cell. DNA-analysis can be performed by labeling
cellular DNA with fluorescent probes, e.g. propidium iodide. Propidium iodide is a membrane
impermeant and generally it is excluded from viable cells. The intensity of the light signal
scattered by the labeled cell traversing the laser beam of the flow-cytometer is representative of
the DNA content (5). Apoptotic bodies and cell fragments have less DNA than normal cells
whereas cell in mitosis, mitotic arrest and mitotic catastrophe have more DNA than normal cells

(113, 115).

Clonogenic assay represents experimental methods that assess the probability of cells to
survive, divide and generate progeny by forming colonies of a predetermined minimum size
when plated in appropriate growth conditions. At present, clonogenic survival remains the gold

standard for determining the radiosensitivity of cells in vitro.
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4 QUANTITATIVE ULTRASOUND CHARACTERIZATION OF RESPONSES

TO RADIOTHERAPY IN CANCER MOUSE MODELS”

4.1 Abstract

In this chapter, | demonstrate the application of quantitative ultrasound methods to
characterize tumour responses to cancer radiotherapy in vivo, as early as 24 hours after
treatment administration. Currently, no imaging modality is used routinely to assess tumour
responses to radiotherapy within hours to days after the delivery of treatment. The work
presented in this chapter indicates that the responses to radiotherapy in vivo, in mouse cancer
models, can be characterized non-invasively using ultrasound spectrum parameters and

parametric images.

Three mouse models of head and neck cancer were exposed to radiation doses of 0, 2,
4 and 8 Gy. Data were collected with an ultrasound scanner using frequencies of 10 to 30 MHz.
Ultrasound estimates calculated from normalized power spectra and parametric images (spatial

maps of local estimates of ultrasound parameters) were used as indicators of response.

Two of the mouse models (FaDu and C666-1) exhibited large hyperechoic regions at 24
hours after radiotherapy. The ultrasound integrated backscatter increased by 6.5 to 8.2 dB
(p<0.001) and the spectral slopes increased from 0.77 to 0.90 dB/MHz for the C666-1 tumours
and from 0.54 to 0.78 dB/MHz for the FaDu tumours, (p<0.05), in these regions compared with
pre-irradiated tumours. The hyperechoic regions in the ultrasound images corresponded in
histology to areas of cell death. Parametric images could discern the tumour regions that

responded to treatment. The other cancer mouse model (Hep-2) was resistant to radiotherapy.

" The work presented in this Chapter is accepted for publication in Clinical Cancer Research 2009, 15(6).
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The results indicate that cell structural changes following radiotherapy have a significant
influence on ultrasound spectral parameters. This provides a foundation for future investigations
regarding the use of ultrasound in cancer patients to individualize treatments non-invasively

based on their responses to specific interventions.
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4.2 Introduction

In clinical oncology, tumour responses to treatment are still largely assessed using
anatomical imaging measurements of reductions in tumour size. This can take several weeks to
occur and with some therapies may not occur at all despite a positive functional response to
treatment (8). Computed tomography (CT), positron emission tomography (PET) and combined
CT/PET imaging have been used to assess tumour responses to cancer therapies typically 3 to
4 weeks after treatment initiation (10, 108). Dynamic contrast-enhanced magnetic resonance
imaging (DCE-MRI) measurements have been demonstrated to correlate with
immunohistochemical surrogates of tumour anti-angiogenesis (109, 110) within the same time
frame. Diffusion-weighted MRI (DW-MRI) has been used clinically to measure therapy response
in different type of cancers such as brain tumours (116), gastro-intestinal cancers (117) and
metastatic breast cancer (118). Dynamic contrast-enhanced Doppler ultrasound (DCE-DUS)
has predicted early tumour responses in isolated perfusion studies of limb sarcomas (111)
within 1 to 7 days after therapy delivery. However, the use of such imaging modalities to monitor
tumour responses to cancer therapies can be limited either by their cost (DCE-MRI, DW-MRI,

PET, CT, combined PET/CT) or limited applicability (DCE-DUS).

In this chapter, | test the hypothesis that mid to high frequency ultrasound imaging and
guantitative ultrasound methods can be used to characterize tumour responses to cancer
radiotherapy in vivo, as early as 24 hours after treatment administration. The ability to assess
early tumour responsiveness to therapy within hours to days after the start of the treatment,
could ultimately aid clinicians in making decisions to modify therapy e.g., choosing different
radiation regimens, adding a radiosensitizer or using different chemotherapy drugs that
potentially could result in more effective treatment leading to improved outcomes and sparing

patients from unnecessary side effects.
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The aim of cancer therapy is to kill tumours by inducing cell death (1) that can be used as an
indicator of tumour response to therapy (8, 31). Currently, standard methods for detecting cell
death are invasive requiring tissue biopsy for histological analysis. Previous studies have
indicated that mid- to high-frequency ultrasound i.e., 10 to 60 MHz, is sensitive to apoptosis in
vitro and in vivo. Backscatter intensity from apoptotic cells has exhibited an up to sixteen-fold
increase in comparison with viable cells (26, 27). In addition, spectral slopes have increased
significantly for apoptotic cells in comparison to viable cells (27). Similar changes in ultrasound
backscatter have been detected in tissues exposed to lethal ischemic injury (28). For the range
of the ultrasound frequencies used in these studies, 10 to 60 MHz, the corresponding
wavelengths of 150 to 25 uym, approach the size of cells and nuclei (10-20 um), and hence, are
more sensitive to changes in cellular and nuclear structure than conventional ultrasound
(frequencies < 10 MHz).

Characterization of tissue microstructure by examining frequency—dependent backscatter is
termed quantitative ultrasound (QUS). QUS estimates describe the statistical properties of
tissues structures or cell samples from a well defined ROIl. QUS methods have been used to
diagnose prostate cancer, ocular tumours, liver and cardiac abnormalities (44, 52, 62, 64),
differentiate benign fibroadenomas from mammary carcinomas and sarcomas (66) and have
provided good diagnostic accuracy in prostate cancer detection and lesion localization (91).
QUS methods, specifically spectral parameters, can sense subtle structural alterations induced
by ultrasonically induced hyperthermia in tumour xenografts (119), discern between different
types of ocular tumours (16, 45) and classify these depending on their lethality potential (50,
64).

The work presented in this chapter represents the first evidence of the use of ultrasound
imaging and spectrum analysis to detect radiotherapy effects in vivo in preclinical tumour mouse
models. Tumour responses to radiotherapy were characterized by three ultrasound spectral

parameters: the ultrasound integrated backscatter (UIB), spectral slope (SS) and spectral
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intercept (Sl). Although only two of these parameters are independent, it is useful to consider all
three, since each of them is related to a different set of tissue scatterer properties. These
spectral parameters were employed, firstly, to compute the average ultrasound spectral
parameters within a region of interest and, secondly, to generate parametric images. We
demonstrate that ultrasound spectral parameters and tumour parametric images can be used to
non-invasively detect cell death in tumours, as early as 24 hours after radiotherapy at clinically

relevant ultrasound frequencies of 10 to 30 MHz.

4.3 Methods

4.3.1 Animal use

All animal experiments were conducted in accordance with the guidelines of the Animal
Care Committee (Sunnybrook Health Sciences Center, Ontario, Canada) and satisfied all the
rules for the humane use of laboratory animals. In all experiments, 6 to 8 week-old severe
combined immunodeficient (SB-17, SCID) male mice (Charles River Laboratories Inc, Ontario,

Canada) were used.

4.3.2 Mouse Tumours

Cell culture. Three mouse models of head and neck cancer, a nasopharyngeal carcinoma
(C666-1), a squamous cell carcinoma of the pharynx (FaDu) and an epidermoid carcinoma of
the larynx (Hep-2) were used in this study. FaDu and Hep-2 cell lines were obtained from
American Type Culture Collection (ATCC, Manassas, Virginia, USA). C666-1 cells (120, 121)
were maintained in RPMI 1640 cell culture media (Invitrogen Canada Inc., Burlington, Ontario,
Canada) supplemented with 10% fetal bovine serum (FBS) (Cansera International Inc.,
Etobicoke, Ontario, Canada) and antibiotics (100 mg/L penicillin and 100 mg/L streptomycin)

(Bioshop, Burlington, Ontario, Canada). FaDu cells were cultured in Eagle’s minimum essential
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media (Invitrogen Canada Inc., Burlington, Ontario, Canada) with 2 mM L-glutamine and Earle's
balanced salt solution adjusted to contain 1.5 g/L sodium bicarbonate, 1.0 mM sodium pyruvate
(Sigma-Aldrich Co, Canada) and 10% FBS. Hep-2 cells were cultured in minimum essential
media supplemented with 10% FBS and 0.1% gentamycin (Hoffman-La Roche Ltd, Canada). All

cell lines were grown in a humidified atmosphere at 37°C, containing 5% CO..

Xenograft tumour models. C666-1(~10°), Hep-2 (~10°) and FaDu (~10°) cells were injected
intradermally into the left hind leg of each mouse. Primary tumours were allowed to develop for

approximately 2 to 4 weeks until they reached a diameter of 6 to 10 mm.

Prior to imaging mice were anaesthetized and the tumour and surrounding area were
depilated (Nair, Mississauga, Ontario). Anaesthesia consisted of 100 mg/kg Ketamine, 5 mg/kg
Xylazine and 1 mg/kg Acepromazine typically in 0.1 ml saline injected intravenously. This
sedated mice for approximately 1 hour, sufficient time for the entire imaging and irradiation
procedure. A total of 24 animals were used in this work. Six tumours per cell line were
irradiated, with two animals at each radiation dose of 2, 4 and 8 Gy. The notations used in this
chapter are: XRT(-) for the tumours prior exposure to radiotherapy and XRT(+) for the tumours
exposed to radiotherapy. The rest of the animals served either as negative controls (4 animals),
or the tumours exceeded the limit accepted for the experiment (10 mm largest dimension). The
histology of the negative control tumours was checked against the histology of those regions in
XRT(+) tumours that did not respond to therapy. The large tumours exhibited large
hyperechogenic patches in ultrasound images at Day, and, therefore, were not considered as
negative controls. These hyperechogenic patches were thought to represent regions of
spontaneous cell death and, in order to check the histology of these patches, the large tumours

followed the same protocol as the tumours exposed to radiotherapy (except irradiation).
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Administration of ionizing radiation. Tumours were irradiated using a small animal irradiator,
(Faxitron Cabinet X-ray System, Faxitron X-ray Corporation, Wheeling, IL, USA) that delivered

160 keV X-rays at a rate of 200cGy/minute.

4.3.3 Ultrasound data acquisition and analysis

A VisualSonics VS40B high-frequency ultrasound device (VisualSonics Inc., Toronto,
Ontario, Canada ) with a 20-MHz focused transducer (20-mm focal length, 8-mm aperture
diameter, -6dB bandwidth of 11-28 MHz) was used to collect ultrasound images and radio-

frequency (RF) data from all tumours. The experimental set-up is shown in Figure 4.1A.

XRT(+)

Figure 4.1. The experimental setup for ultrasound data collection and representation of ROIs selection
from ultrasound images. (A) The mouse leg bearing the tumour was immersed in the coupling liquid
(distilled and degassed water at room temperature) and data were collected from the entire tumour. (B, C)
ROIs were selected where the images appeared to be homogeneous with no interfaces or large echoes,
1 mm in height around the focal region of the transducer. (B) For the XRT(-) tumours, the ROls that met
this condition were selected anywhere around the transducer focal zone; (C) For the XRT(+) tumours, the
ROIs were selected from the hyperechoic regions of the B-mode images. In this figure, the images
appear to have similar backscattering intensity because of the gain applied to the RF data (e.g., 18 dB to
XRT(-) and 10 dB to XRT(+) tumour).
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Data collection. Ultrasound images were collected from 10 to 20 different scan planes with a
distance between planes of 0.5 mm, by scanning the whole tumour sequentially from one side
to another in order to sample the entire tumour. RF data were collected from 5 to 10 different
scan planes in the middle of the tumour. Each plane contained 40 to 60 8-bit RF lines sampled
at 500 MHz. The regions of interest (ROIs) chosen to calculate the average ultrasound
parameters were 4 to 6 mm wide and 1 mm in height centered at the transducer focus, as

displayed in Figure 4.1(B and C).

Spectrum analysis. RF data from each line segment were multiplied by a Hamming
weighting function to suppress spectral lobes and the Fourier transform was computed. The
squared magnitudes of the resultant spectra were averaged, divided by the power spectrum
computed from a flat quartz in order to remove system and transducer transfer function and
calculate the NPS (normalized power spectra). The resulting NPS were integrated over the
transducer’s -6 dB bandwidth to calculate the averaged UIB (dB). The SS (dB/MHz), the slope
calculated from the linear regression analysis of the NPS, and the Sl (dB), the extrapolation at
zero MHz frequency, were computed. The UIB is similar to the midband fit described by the
spectrum analysis framework developed by Lizzi et al (49, 88) and can be related to the
effective scatterer size, concentration, and difference in acoustic impedance between the
scatterers and surrounding medium. The SS can be related to the effective scatterer size (55)
(i.e., an increase in the SS corresponds in theory to a decrease in the average scatterer size)
and the Sl depends on effective scatterer size, concentration, and relative acoustic impedance.
Further details on the theoretical and signal analysis considerations and how spectral

parameters are related to tissue microstructure can be found elsewhere (49, 88).

Since attenuation in intervening tissues can affect these parameters, the NPS were
compensated for frequency dependent attenuation in skin and tumour tissue. The attenuation

coefficient assumed for the skin was 0.2 dB/mm/MHz based on published attenuation
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coefficients (122). The thickness of the skin was measured from the ultrasound images, yielding
values of 0.30+/-0.06 mm for (XRT-) and 0.45+/-0.15 mm for (XRT+) tumours. The attenuation
coefficient used for the tumour tissue was 0.06 dB/mm/MHz. This value was computed in the
homogeneous regions of the mouse tumours, before and 24 hours after irradiation, by
measuring the linear rate of decrease in UIB with increasing depth (44). This attenuation
coefficient was similar to the attenuation coefficients measured in vitro from corresponding cell
samples, viable and after exposure to radiotherapy (39). Signal analysis was performed using

custom programs developed in MATLAB (The Mathworks Inc., Natick, MA, USA).

Spectral parameter images. Parametric images were generated and displayed local values
of UIB, SS and S| as color coded pixels. The images were formed using a sliding Hamming
window of 500 ym with a 90% overlap to progressively analyze RF data along the individual
scan lines. The length of the sliding window was chosen to yield parametric images with good
resolution and reasonable stable estimates of spectral parameters based on the theoretical
relationship between the size of the sliding window and the statistics of spectral parameters (89,
123). The spectrum analysis described above was performed at each window site to compute

the corresponding local parameter values.

Statistics. A t-test was used to compare the spectral parameters computed from all
independent RF lines collected from XRT(+) tumours against corresponding values computed
from the same tumour before-irradiation using GraphPad Prism (GraphPad Software, San

Diego, California, USA). A value of p<0.05 was considered significant.

4.3.4 Histology

Twentyfour hours after irradiation and immediately after final ultrasound imaging, tumours
were excised, fixed in 10% neutral-buffered formalin, processed and embedded in paraffin. The

tumours were sectioned in the same nominal orientation to best match the ultrasound scanning
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planes. Hematoxylin and eosisn (H&E) staining was performed for routine histological analysis
and TUNEL (terminal uridine deoxynucleotidyl transferase 2'-Deoxyuridine 5'-Triphosphate nick

end labeling) staining was used to assess cell death, specifically apoptosis.

4.4 Results

Ultrasound images and spectral characterization results for all type of tumours are given in
Figures 4.2-4.4. Representative ultrasound images and corresponding TUNEL staining of C666-
1 tumour sections before and 24 hours after irradiation are displayed in Figure 4.2(A and B).
After exposure to different radiation doses, the tumours exhibited large hyperechoic patches
corresponding to the brown colored regions in the TUNEL staining indicating cell death. In
contrast, Hep-2 tumours did not respond to therapy. Moreover, the tumours presented no
significant change in echogenic appearance (Figure 4.2C). TUNEL staining presented some
isolated clusters of cell death after treatment with 8 Gy radiation dose (Figure 4.2C) and no

indication of cell death at 2 and 4 Gy radiation dose.
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XRT(+) 8 Gy 24 h

Figure 4.2. Representative ultrasound images of the XRT(-) and XRT(+) tumours and TUNEL staining
corresponding to the XRT(+) tumours.(A, B) Ultrasound images of the C666-1 XRT(+) tumours presenting
regions with increased echogeneity after radiotherapy, corresponding to the areas of cell death in the
TUNEL stained sections.(C) Hep-2 tumour with no appreciable changes in the ultrasound images after
exposure to radiotherapy and the corresponding TUNEL staining presenting only sparse brown spots
indicating some isolated clusters of cell death. The triangle on the lateral side of each tumour represents

the location of the transducer focal point. The scale bars represent 1 mm.

The average UIB measured from C666-1 and FaDu tumours increased by 8.2 + 0.8 dB and
6.5 + 1.0 dB (p<0.001), respectively, after exposure to radiotherapy (Figure 4.3A). The average
SS increased from 0.77 + 0.03 dB/MHz to 0.90 £ 0.05 dB/MHz for C666-1 tumours (p<0.05) and
from 0.54 + 0.06 dB/MHz to 0.78 + 0.05 dB/MHz for FaDu tumours (p<0.05) (Figure 4.3A). A
feature analysis plot of the UIB versus SS displayed a separation between the XRT(-) and

XRT(+) tumours (Figure 4.3A).
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Figure 4.3. Ultrasound spectral parameter characterization of tumour responses to radiotherapy. (A)

Averaged normalized power spectra and spectral slopes of C666-1 and FaDu tumours and, (B)

corresponding feature analysis plots indicating a separation between the XRT(-) and XRT(+) tumours.

Error bars in panel (A) represent the standard error of the averaged spectra for n=6 animals per each

tumour type.

Some of the FaDu tumours exhibited small hyperechoic patches at Day,, as presented in

Figure 4.4(A). We considered that this complex ultrasound pattern might correspond to small

spontaneous necrotic/apoptotic regions inside the tumour prior to radiation exposure. This

pattern would mimic well some human tumours and hence, it was considered a valid approach

to evaluate those tumours in the analysis. This pattern resulted in larger variability between NPS

values calculated from XRT(-) FaDu tumours as indicated by Figure 4.3A. Nevertheless, after
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radiotherapy, the size of the patches in these tumours increased, covering larger regions

(Figure 4.4A).

XRT(+) 8 Gy 24 h

Figure 4.4 Representative ultrasound images and corresponding TUNEL staining of FaDu tumours. (A)
FaDu XRT(-) tumour presenting some hyperechoic regions before treatment that enlarged and increased
in brightness after exposure to radiotherapy, corresponding to the area of cell death in the TUNEL
staining; (B) FaDu XRT(-) tumour presenting large hyperechoic regions at Day,, similar appearance after
24 hours with no exposure to radiotherapy and corresponding TUNEL staining after 24 hours indicating a
large area of spontaneous cell death of similar shape as the hyperechoic area in the ultrasound image.
The white spaces in this TUNEL staining represent histological artifacts due to tissue retraction with
fixation and specimen preparation procedures. These artifacts are typically more pronounced in the tissue
regions presenting advanced cell death. The triangle on the lateral side of each tumour represents the

location of the transducer focal point. The scale bars represent 1 mm.

The tumours larger than 10 mm were not exposed to radiotherapy (Figure 4.4B). These
tumours exhibited large hyperechoic areas in the ultrasound images at Day, and were kept in
the experiment in order to examine histologically the nature of these hyperechogenic patches.
These large, rapidly growing tumours increased in all three dimensions by 0.5 to 2 mm from

Day, to Day,, whereas the treated tumours did not present significant changes in size. No
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significant changes in the echogeneity of the ultrasound images of these untreated tumours
were observed from Day, to Day,. The corresponding TUNEL staining at Day, exhibited a large
area of cell death (Figure 4.4B). This represents an example of ultrasound imaging detecting
another modality of cell death (e.g. spontaneous cell death).

A representative ultrasound image, corresponding TUNEL staining and parametric images
computed from the local estimates of spectral parameters are displayed in Figure 4.5. The local
estimates of the UIB and S| were greater in the areas corresponding to the hyperechoic patches
in the ultrasound images, following closely the areas of cell death from TUNEL staining (Figure
4.5, A-D). The parametric images constructed from the SS estimates resulted in a pattern of
features different from the pattern in the corresponding conventional ultrasound images (Figure

4.5, Aand E).

-40 -45 -50 -55 -30 -60

Figure 4.5. Ultrasound image with corresponding histology and parametric images. (A) Ultrasound image,
(B) corresponding TUNEL stained image indicating an area of cell death of similar shape as the
hyperechoic area in the ultrasound image and parametric images computed from the local estimates of
(C) UIB, (D) Sl and (E) SS. The colorbars under each parametric image indicate the ranges of the
corresponding estimates of the spectral parameters. The boxed region in the TUNEL staining

corresponds to the H&E staining from the Figure 4.6 (A).




80

H&E staining revealed a clear delineation between the areas of cell death, characterized by
small condensed and fragmented nuclei, and regions exibiting the normal phenotype (Figure
4.6, A and B). Overall the H&E staining revealed high tissue heterogeneity, more pronounced in
the area of cell death and characterized by disparate nuclear sizes and changes in nuclear
density. The area of viable cell phenotype contained some isolated clusters of cell death and
exhibited a more homogeneous appearance (Figure 4.6, B and C). The H&E staining of the un-

irradiated tumour presented no significant evidence of cell death (Figure 4.6C).

A | | XRT(+) B | XRT(+) _ c XRT(-) 4
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Figure 4.6. Hematoxylin and eosin images of the XRT(+) tumour of Figure 4.5 at two different
magnifications (A) corresponding to the selection from Figure 4.5B and (B) corresponding to the selection
from Figure 4.6A and H&E image (high magnification) of an XRT(-) tumour. The left side of the XRT(+)
tumour images demonstrate the characteristics of cell death. The small white spaces in these regions
represent histological artifacts due to tissue retraction with fixation procedure. These artifacts are typically
more pronounced in the tissue regions presenting advanced cell death. The black arrows point to
possible blood vessels. The right side of each image presents the appearance of viable tissue with white
arrows pointing to isolated clusters of cell death. The H&E image of the XRT(-) tumour exhibit a relative

homogeneous appearance with no significant evidence of cell death.
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4.5 Discussion

The work presented in this chapter demonstrates for the first time that radiotherapy effects
can be characterized by quantitative ultrasound methods in preclinical mouse cancer models, as
early as 24 hours after treatment administration. The changes in ultrasound images and spectral
parameters were interpreted as direct consequences of cell death following radiotherapy. This
method was able to detect the regions of cell death in a tumour and thus it has the potential to
detect tumours or tumour regions that respond to treatment from those that do not.

The histology from this study revealed that the most prominent structural changes following
radiotherapy were related to cell nucleus as indicated by the TUNEL staining (Figures 4.2, 4.4
and 4.5) and H&E staining (Figure 4.6). These histological observations and evidence from
previous work (26, 27, 39, 40, 42), suggested that the main changes in the ultrasound
backscatter following radiotherapy were related to changes in nuclear size and properties.

Changes in UIB can be related to a combination of scatterer properties: size, spatial
organization, concentration and relative acoustic impedance (72, 88). The regions exhibiting cell
death in histology were characterized by an overall decrease in nuclear sizes, a consequence of
nuclear condensation and fragmentation during the sequence of apoptotic cell death (Figure
4.6). According to models of ultrasound scattering (16) a decrease in scatterer size alone,
maintaining other factors constant, would result in a decrease in UIB. This was not observed in
this work. Therefore, the changes in the UIB most likely resulted from other changes in nuclear
properties, (i.e., changes in acoustic impedances, concentration and spatial arrangement). For
example, the darker staining of condensed nuclei suggested changes in the nuclear acoustic
impedances, i.e., higher values of 2.00 MRayl for condensed chromatin versus 1.58-1.55 Mrayl
for cytoplasm have been reported recently (124). The increase in the randomization of nuclei
during the sequence of cell death may also contribute to the increase in the UIB as previously

indicated by a model of ultrasound scattering (72) and recently, suggested by experimental
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observations (39). Since Sl is related to the size, concentration and relative acoustic impedance
of scatterers (49, 88), the increase in the Sl, similarly to the increase in the UIB, might result
from changes in nuclear properties and increase in the number of nuclear fragments following
apoptotic cell death.

The local estimates of the SS presented large variations in the regions that responded to
therapy, as well as, in the regions corresponding to the normal tumour phenotype (Figure 4.5E).
These variations may result from a combination of factors including the inherent biological
heterogeneity of tissue structure, heterogeneity of the tumour response to treatment and the
model applied to calculate the SS estimates. The SS is mainly related to the scatterer size,
therefore, the inherent biological variance of nuclear sizes and other structures affect the SS
estimates. Furthermore, Chapter 3 has indicated that there is an increase in the variance of
nuclear and cellular sizes following cell death. This could further increase the local variability of
the SS estimates, predominantly in the regions of the tumour that presented the characteristics
of cell death. The SS estimates are frequency dependent, therefore, they are sensitive to the
length of the sliding window and to the frequency dependent attenuation. Larger sliding windows
would yield better estimates and lower variance but with a compromise of a coarser resolution in
the parametric images. Therefore, based on these considerations, the SS worked well in
characterizing the responses to radiotherapy in large ROls but yielded unstable local estimates
when used with small ROls. A variable attenuation along the ultrasound propagation path may
also contribute to the larger variability of the local estimates of the SS. Further investigation
towards the formulation of new models addressing the anisotropy of tissue constituents and

their properties may help in obtaining better estimates for tissue characterization (124).

The head and neck cancer mouse models were chosen in this study because a primary
treatment modality for these types of cancers is radiation therapy. Considering future

applications of the technique described in this work, these types of tumours could be accessed
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in humans with endoscopic probes working at 10 to 20 MHz (114). Ultrasound imaging
enhanced by ultrasonic spectral parameters could provide a benefit of determining the tumour
response early, within days after treatment starts. This would allow tumour imaging before and
multiple times during treatment without the need of injecting specialized contrast agents as
other techniques (e.g., PET, DCE-MRI, DCE-DUS). An early indicator of treatment response
would be of great value to tailor treatments to individual patients and particularly promising in

multistage interventions or combination treatments.

Guiding tissue biopsies may be another area of interest. Although tissue biopsies provide
important information regarding molecular pathology and thus tumour response, the sampled
tissue may not adequately represent the heterogeneity of the tumours and furthermore cannot
be sampled longitudinally. Superimposed parameter estimates on gray scale ultrasound images
enable non-invasive assessment of cell death in tumour or tumour regions and can be used to

determine the location for tissue biopsies.

A penetration depth of 2 to 5 cm at the frequencies of 10 to 30 MHz allows the technique to
be applicable to a variety of tumour types such as skin cancers, certain cancers of the breast
and cancers that can be reached with endoscopic probes such as nasopharyngeal and gastro-
intestinal cancers. Ongoing studies in our laboratory are investigating the potential of detecting
similar effects with lower-frequency ultrasound of down to 5 MHz (125) that may expand the

range of applications (125).

In this work the Hep-2 tumours did not respond to radiotherapy and presented no evidence
of cell death in the TUNEL staining. Thus, the Hep-2 tumours served for two purposes in this
study: to act as a tumour model that did not respond to radiotherapy and also to provide an
example of a tumour model with a complex tissue structure not amenable to this type of

ultrasound analysis due to high specular reflections at the interfaces with some tissue
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structures. These structures were highly attenuating and obscured the ultrasound scattering in

the encapsulated tumour (Figure 4.2C).

In conclusion, spectral parameters and tumour parametric images constructed from spectral
parameters were used to detect responses to radiation treatment in vivo for two cancer mouse
models, at 24 hours after treatment administration and at the clinically relevant frequencies of
10 to 30 MHz. The ultrasound imaging within this frequency range was also able to detect
spontaneous cell death in large XRT(-) tumours. This validates our findings, indicating that this

ultrasound detection method is sensitive to the structural changes following cell death.

The third tumour model did not respond to therapy as verified by TUNEL staining and
provided an example of complex tumour pattern for which this type of analysis may not be
applicable without additional assessment tools. The experimental evidence presented in this
chapter supports the basis for the application of mid-to high frequency ultrasound imaging and
quantitative ultrasound methods to characterize early tumour responses to cancer radiotherapy.
The results indicate that these cell structural changes have a profound influence on spectral
parameters providing a framework for future experiments and/or clinical studies aimed at
demonstrating the potential of rapidly and non-invasively monitoring the effects of radiotherapy

and other anticancer treatments using an ultrasound based approach.
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5 AN INCREASE IN CELL SIZE VARIANCE APPEARS TO EXPLAIN PART OF

THE ULTRASOUND BACKSCATTER INCREASE MEASURED DURING

CELL DEATH°

5.1 Abstract

The work presented in this chapter presents a mechanism to explain the ultrasound
backscatter increase measured from cell samples undergoing different forms of cell death.
Based on the findings presented in this chapter and on the previous work of Hunt et al (72, 73) a

simplified model of ultrasound scattering is proposed and compared to the experimental results.

Ultrasound integrated backscatter (UIB) was measured for four tumour cell lines (AML,
FaDu, Hep-2 and C666-1), viable and undergoing cell death, after exposure to radiotherapy
and/or chemotherapy. Ultrasound radiofrequency data were collected with an ultrasound
scanner using frequencies from 10 to 30 MHz. An increase of 3.8-7.5 dB (p<0.001) in UIB was

measured from three of these cell lines following different forms of cell death.

No increase in UIB was measured from C666-1 cell samples undergoing cell death. An
increase in the variance of cellular size following cell death was found for all cell lines. The
correlation between UIB and the variance of cell sizes was r=0.79 (p=0.006). While many
factors contribute to the increases in UIB, the purpose of this chapter was to explore the
possibility that part of these increases is a consequence of the increase in the variance of
cellular size. The UIB values were compared with simulations of ultrasound scattering from
distributions of scatterers with different degrees of randomization. The changes measured in

UIB with increasing in the variance of cellular size were in general agreement with the

® The work presented in this chapter has been under review with Ultrasound in Medicine and Biology.
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simulations of ultrasound scattering with increasing randomization. The simulation predicted no
increase in ultrasound scattering for cellular arrangements with large randomization values (>

1.5), consistent with the result observed for the C666-1 cell line.

It was concluded that the increase in UIB could be in part explained by the increase in the

randomization of the spatial distribution of nuclei following cell death.
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5.2 Introduction

Radio-frequency (RF) ultrasound data have been used extensively in medical ultrasound
to analyze noninvasively the structural properties of biological media (26-28, 43, 55, 60, 62, 67,
126). One approach is to use the frequency dependence of the RF backscatter spectrum. The
RF spectrum can be related to the structure of a medium if this can be modeled as a random
distribution of scattering particles (16) and the characteristics of instrumentation are known.
Under these conditions, it is well known that the frequency dependence of the RF spectrum is
mainly dependent on the size of the dominant scattering structure in the medium. The
magnitude of the RF spectrum depends on the size, number density (number of scatterers per
unit volume) and the relative acoustic impedance (fractional variation in acoustic impedance
between the scattering particles and the surrounding medium) of the scattering particles.
Accurate estimation of these properties requires that tissue structures responsible for scattering
to be known. Although these scattering structures are not well understood, several research
groups have been able to characterize various tissues using simple correlation models (43, 53,

55, 67, 80, 87, 92, 126).

Our group has been using ultrasound imaging and RF spectrum analysis to detect cell
death in cell samples and tumours exposed to cancer therapies. These studies demonstrated
that ultrasound backscatter increased in cell samples undergoing various forms of cell death:

apoptosis (26, 27, 36), oncosis (28) and mitotic arrest/catastrophe (39).

The ability of ultrasound spectrum analysis to assess changes in physical characteristics
of tissue scatterers makes the technique promising as a method to monitor cell death in
preclinical and clinical settings. As this work progressed, the need for a better understanding of
changes in the cellular structure that cause the increase in ultrasound scattering has become

more pressing. In order to optimize the signal analysis algorithms and provide better quantitative
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estimates of cell death, quantitative ultrasound studies have been conducted on simple
biological media , i.e., cell samples emulating the cell packing in tissue and cell suspensions
(27, 38, 39, 127, 128). Experimental evidence from these studies has suggested that ultrasound
backscatter characteristics are dominated by nuclear size and acoustic properties at the
frequencies of 10 to 60 MHz (39, 40, 69). Some of the increase in UIB can be attributed to
nuclei condensation and fragmentation following cell death by apoptosis. For example, an
acoustic impedance of 2.00 MRayl for condensed chromatin versus 1.58-1.55 Mrayl for
cytoplasm has been recently reported (124). Changes in cellular acoustic properties have also
been reported in live cells undergoing apoptosis (41, 129). While cell apoptosis may result in
stiffer nuclei or more nuclear fragments, there are other forms of cell death (e.g., oncosis,
mitotic arrest/catastrophe) that are characterized by other types of cell structural changes.
These structural changes usually result in an increase of cellular and nuclear size, as opposed
to nuclear condensation and fragmentation (characteristics of apoptotic cell death), but result in

similar increases in ultrasound scattering (28, 37, 39) as with apoptotic cell death.

The work presented in this chapter explores a mechanism, common to the diverse forms
of cell death exhibited by the cell samples exposed to radiotherapy and chemotherapy, capable
to explain the changes in UIB. The experimental data were collected from cell samples of four
different tumour cell lines, viable and undergoing different forms of cell death after treatment.
The increase in ultrasound backscatter in these samples, can be due to changes in scatterer
properties (size and acoustic impedance) or could be linked to different degrees of randomness
in the spatial distribution of scatterers, as predicted by the model proposed by Hunt et al (72,
73). Randomness refers to the degree of spatial organization of scatterers in a given ensemble
of scatterers. For instance, a distribution of random scatterers lacks any predictable order
whereas a less—random distribution (pseudo-random) has some degree of predictable order in

scatterer spatial organization.
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The work presented in this chapter brings new insights into the mechanisms responsible
for increases in ultrasound backscattering following cell death. Specifically, the study explores
the possibility that part of the increases in ultrasound backscatter measured from cell samples
undergoing cell death results from the increase of the randomness in the spatial distribution of
nuclei. Considering that the nuclei occupy fixed positions in the center of the cell, the changes in
nuclear positions in a tightly packed collection of cells of similar size can be regarded as a direct
consequence of the changes in cellular sizes (following cell death in this example). The
experimental evidence presented in this chapter illustrates that all cell samples undergoing cell
death exhibited an increase in the variance of cellular size. This increase in the variance of
cellular size was linked to an increase in the randomness of the spatial distribution of the cell

nuclei and consequently to increases in ultrasound backscatter.

5.3 Background

Historically, the established scattering models in biological tissue assume that the
scatterers are randomly distributed to allow closed form solutions for various equations used to
calculate ultrasound backscatter. Using this approach, the backscatter characteristics can then
be related to the underlying tissue structure. Under this assumption, regardless of what
theoretical approach is taken, e.g., discrete or continuum scattering model, it is recognized that
ultrasound scattering in tissue is primarily affected by the size and acoustic properties of tissue
scattering structures (16) and their relationship to ultrasound wavelength. However, the
assumption of random scatterer distribution may not hold in cell samples or tumours with tightly
packed cells. For example, in modeling the scattering from red blood cells, it is assumed that
red blood cells are randomly distributed only for very low hematocrit concentrations (< 2%),

because under these conditions the position of any red blood cell can be considered
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independent of the location of any other cell (15). For a collection of randomly distributed red

blood cells, ultrasound backscatter increases with the variance of red blood cell volumes (15).

The effect of increase in scatterer volume fraction (i.e., increase in hematocrit) has been
well documented for non-biological scatterers and red blood cells (94). Similar effects have
been reproduced using suspensions of nucleated cells by Baddour et al (130). For high
hematocrit or cell volume fraction the positions of any pair of cells are correlated and the spatial
organization of cells can no longer be considered random (16). Some investigators (96, 97)
have used a packing factor to account for the decrease in ultrasound backscatter due to the
destructive interferences resulting from the increase in the correlation between particles in
dense media. The packing factor defines a measure for the orderliness in the spatial
arrangement of red blood cells and can be used to predict the ultrasound backscatter at high

hematocrit (94, 131).

In a tightly packed collection of cells and, typically, in biological tissues, cells are packed
even closer than red blood cells, because they are in physical contact with each other. For
example, for cell sizes between 10 and 20 um there are 150 to 1200 cells per resolution volume
defined by the axial (~ 80 ym) and lateral resolution (~ 250) of the high frequency ultrasound
beam used typically in our experiments. If cells are tightly packed and have similar sizes, it is
reasonable to believe that they are not in a random, but more organized arrangement and their
positions are correlated. Figure 5.1 presents a schematic of tightly packed arrangement of cells
with similar sizes and more irregular sizes. Since the cells are not identical spheres, they will not
have a perfect regular arrangement but there is nonetheless some degree of order in tightly

packed collection of cells with similar sizes.

The model used in this study of (72, 73) predicts that could be a large reduction of the

backscatter signal if the scattering sources are regularly spaced. This model has been able to
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provide an explanation for the “black” regions in ultrasound images of highly concentrated red
blood cells, as being caused by a more regular separation of cells in those regions (15, 16, 93).
The same model has predicted large changes in backscatter for scatterers with the same
number density but different degrees of randomization. Furthermore, this model is in good
agreement with the large increases in ultrasound backscatter with cell death and the
appearance of disorganization in the arrangement of cells and nuclei undergoing apoptosis
compared with viable samples that exhibit a more uniform appearance (26, 27, 70, 73). Overall,
the model indicates that ultrasound backscatter signals are very sensitive to the effects of

randomization in scatterer positions.

This chapter investigates the increase in ultrasound backscatter in cell samples
undergoing cell death. Subtle changes in cell organization can take place following cell death,
as the variance of cellular size increases. As the variance of cellular size increases, the
position of nuclei departs from a regular to a more random distribution as represented in Figure
5.1. It is hypothesized that the increase in ultrasound backscatter with cell death is partially
caused by an increase in the randomization of cell nuclei, e.g., from fairly regular spaced nuclei
in viable cells to more random spaced nuclei following cell death. Assuming that the nucleus
occupies the center of the cell, the nuclei position in a tightly packed collection of cells is
primarily determined by cells position and packing of cells, and can be predicted as a function

of cellular diameter and variance of cellular size.
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Figure 5.1 The schematic illustrating the possible position of scattering structures (the crosses) in
compact aggregates of cells with (A): similar sizes and an appearance of a regular arrangement, (B):
different sizes and an appearance of a random arrangement. Cytology images of cell samples related to

this schematic are presented in Figure 5.6

5.4 Methods

5.4.1 Cell preparation

Acute myeloid leukemia cells (OCI-AML-5) (112) were grown from frozen stock samples
as described elsewhere (40). FaDu and Hep-2 cell lines were obtained from American Type
Culture Collection (ATCC, Manassas, Virginia, USA). C666-1 cells (120, 121) were maintained
in RPMI 1640 cell culture media (Invitrogen Canada Inc., Burlington, Ontario, Canada)
supplemented with 10% fetal bovine serum (FBS) (Cansera International Inc., Etobicoke,
Ontario, Canada) and antibiotics (100 mg/L penicillin and 100 mg/L streptomycin) (Bioshop,
Burlington, Ontario, Canada). FaDu cells were cultured in Eagle’s minimum essential media
(Invitrogen Canada Inc., Burlington, Ontario, Canada) with 2 mM L-glutamine and Earle's
balanced salt solution adjusted to contain 1.5 g/L sodium bicarbonate, 1.0 mM sodium pyruvate

(Sigma-Aldrich Co, Canada) and 10% FBS. Hep-2 cells were cultured in minimum essential
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media supplemented with 10% FBS and 0.1% gentamycin (Hoffman-La Roche Ltd, Canada). All

cell lines were grown in a humidified atmosphere at 37°C, containing 5% CO..

All cell lines were exposed to radiotherapy. The AML cell line was also exposed to
chemotherapy. It was expected that radiotherapy and chemotherapy would result in different
forms of cell death in these cell lines (26, 27, 39). Cell samples were irradiated using a small
animal and cell irradiator Faxitron Cabinet X-ray System (Faxitron X-ray Corporation, Wheeling,
IL, USA) that delivered 160 keV X-rays at a rate of 200 cGy/minute. The AML cell line was
separately treated with the chemotherapeutic drug cis-platinum (cisplatin) at 10 ug/mL that
induces apoptosis in this cell line (26, 27, 132). Cells were treated with the drug for 0, 12, 24, 48

and 72 h.

The cell cultures were examined daily under light microscopy in order to confirm cell
death. Structural changes that are characteristic of apoptotic or mitotic response (i.e., increase
in cell and nuclei size, membrane ruffling, cytoplasm vacuolization, nuclear fragmentation and
condensation and formation of apoptotic and mitotic bodies) were used as an indication of cell
death (115). These structural changes were observed in AML cell culture for all time points of
treatment with cisplatin and at all applied radiotherapy doses. For the head and neck cancer cell
lines most of these changes were observed with the 8 Gy radiation dose at 48 h after exposure

to radiotherapy.

Before ultrasound data acquisition, cells were trypsinized (Hep-2, FaDu and C666-1)
and washed in PBS (phosphate-buffer-saline). AML cells grew in suspension and they did not
need to be trypsinized. After washing in PBS, cells were centrifuged at 1900 g to form compact
aggregates of cells, referred in this study as cell samples. These cell samples likely emulate the
spatial distribution and packing of cells in tumours as indicated in Chapter 6. Treated and viable

samples were prepared by centrifugation of cells in two separate wells of a custom-built sample
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holder (Figure 5.2, A). The cell samples were independently prepared in triplicate from different
sets of cells. A representative ultrasound image of a compact aggregate of cells (cell sample) in

the sample holder is presented in Figure 5.2, B.

Figure 5.2 Images of the sample holder and a cell sample.(A) Image of the sample holder. The sample
holder was made of stainless steel and had two parts: a flat bottom very fine polished to have an
ultrasound signal reflection comparable to the transmitted signal and a stainless steel disk with 3
cylindrical holes cut through it, 8 mmx7 mm (diameter x height). The flat bottom was attached with
screws to the stainless steel disk and bottom of the wells were cushioned with Teflon rings. Teflon rings
ensured that the content of the wells is not spilled between compartments during the sample
centrifugation. Two samples can be prepared once by centrifugation in the two wells. The other well
serves as a calibration reference. (B) Ultrasound image of a compact aggregate of cells in the sample
holder. The height of the cell sample is ~ 2mm, the smallest division on the scale on the lateral side of
cell samples is 0.1 mm. The small triangle on the right side of each cell sample represents the location of
the transducer focal point. The hyperechoic lines across the bottom, right and left side of the ultrasound

image are the bottom and the walls, respectively, of the sample holder.

5.4.2 Ultrasound data acquisition and analysis

A VS40B high-frequency ultrasound device (VisualSonics Inc., Toronto, Ontario) was

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

centered around the transducer focus.

Ultrasound scan lines from each bracketed line segment were multiplied by a Hamming
weighting function to suppress spectral lobes and the Fourier transform was computed. The
squared magnitudes of the resultant spectra from all ROls were averaged and divided by the
power spectrum computed from a flat quartz calibration target in order to calculate the
normalized power spectra. This procedure removed system and transducer transfer functions to
provide a common reference for data collected with various transducers and systems (89). The
normalized power spectra measured from each sample were compensated for frequency-
dependent attenuation losses according to (40) using the attenuation coefficients reported in
Table 3-1 for AML, FaDu and Hep-2 cell samples, viable and treated with radiotherapy. The rest
of the attenuation coefficients for AML and C666-1 cell samples, viable and exposed to
chemotherapy and radiotherapy, respectively, are presented in Table 5-1. These attenuation
coefficients were calculated as a function of frequency using a broadband technique (74). To
calculate the UIB, the resulting normalized power spectra were integrated over the transducer -

6dB bandwidth.
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Cell type ATS +/- SE (dB/mm/MHz)
C666-1 control 0.065+/-0.011
C666-1 8 Gy 0.070+/-0.014
AML 12 h 0.058+/-0.012
AML 24 h 0.062+/-0.010
AML 48 h 0.070+/-0.009
AML 72 h 0.130+/-0.015

Table 5-1. Attenuation coefficients slope for AML and C666-1 cell samples, viable and treated with
chemotherapy and radiotherapy, respectively. SE represents the standard errors. These values were
used to correct ultrasound backscatter for attenuation. Three cell samples were considered for each

experimental condition.

5.4.3 Cytology analysis, measurements of cellular and nuclear size

After the acquisition of ultrasound data, the cell samples were fixed in 10% buffered
formalin (Fisher Scientific, Neapan, ON, Canada) for a minimum of 2 days. The fixed cell
samples were carefully removed from the sample holder and embedded in agar gel, to preserve
the shape and integrity of the sample. The agar embedded cell samples were subsequently
sectioned and placed in a cassette for paraffin embedding, so that the microtome sections were

taken from the same plane as the ultrasound data. The sections were stained with hematoxylin
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and eosin (H&E) and fluorescent probes using Hoechst 33342 (that stains cell nuclei) and

complementary Alexa Fluor 594 (that stains cell membranes).

Cell and cellular fragment sizes for each experimental condition were measured with a
Multisizer3 Coulter Counter (Beckman Coulter, Mississauga, Ontario, Canada) using a 100 uym
aperture that allowed precise and reliable measurements of particle size. This method allowed
precise measurements of 5000 to 10000 cells per treatment condition within the range of 5-60
pum. Similar measurements of the size of the nuclei are difficult to carry as they would require
complex procedures of nuclei isolation that may modify their properties (i.e., may result in
additional fragmentation or swelling). The average nuclear size was estimated from the Hoechst
33342 fluorescent staining of cell nuclei by measuring about 50 nuclei per treatment condition.
For nuclei with irregular size the diameter was calculated as the average between the minimum

and maximum dimension.

Flow cytometric analysis using propidium iodine (Invitrogen Canada Inc., Burlington,
Ontario, Canada) was performed to measure cell DNA content (113). Cells were harvested,
washed twice in fluorescent activated cell sorting (FACS) buffer (PBS/0.5% bovine serum
albumin), resuspended in 1 mL of FACS buffer and fixed for 1 h on ice in 3 mL of ice-cold 70%
ethanol. Cells were washed once, before resuspending them in 500 pL of FACS buffer
supplemented with 40 ug/mL RNAse A (Sigma-Aldrich Co, Canada) and 50 pg/mL propidium
iodine and then cells were incubated at room temperature for 30 min in the dark before being
analyzed in a FACS Caliber (BD Biosciences, Mississauga, Ontario, Canada) using FL-2A and
FL-2W channels. The results are presented as the percentage number of cells found in different
phases of the cell cycle. This classification is dependent on DNA content and helps to identify
the forms of cell death following each of the applied therapies. The sub-G, fractions were
identified as apoptotic cells because the nucleus becomes fragmented during apoptosis. The

sub-G, peak can represent, in addition to apoptotic cells, mechanically damaged cells and cell
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fragments in advanced stages of cell death (5, 115). The G, peak represents phenotypic normal
cells. The G,/M peak is identified as cells in mitosis and mitotic arrest, whereas the peak with
higher than double DNA content (higher than the G./M fraction) was identified as cells in mitotic
catastrophe and polyploid cells. Cells typically die by mitotic arrest/catastrophe after they
undergo up to four unsuccessful mitotic cycles as described by Tannock et al (1) and they are

characterized by enlarged cells and nuclei.

5.4.4 Simulation

Simulations of ultrasound backscatter signals from regular to more random distributed
scatterers were used to investigate the dependency of ultrasound backscatter signals on the
scatterer organization using the method of Hunt et al (72, 73). The model simulated the
backscatter signals from cell samples, assuming that the signals are generated by scattering
from nuclei. The simulation considered the nuclei as point scatterers situated in the center of the
cell and assumed similar scattering strength from each nucleus during each treatment condition.
The scattering from nuclei was assumed to be weak (no multiple scattering) and the attenuation
within the simulated material was neglected. In the more periodic case, the separation between
nuclei was similar to the cell diameter. In the pseudo-random case, the separation between

nuclei was generated as a random variation within a specified range.

The scatterer positions were simulated using the equation:

Si1=Si+D(1.0-R/2+( gen x R)) 5.1

,where S;.; is the position of the consecutive scatterer, D is the average cell diameter, R
is randomization, gen is a random number within the interval (0.0, 1.0). Figure 5.3(A) illustrates
the calculation of scatterer position as a function of the average cell diameter and
randomization. For a fixed R, the S, scatterer could occupy any position in the shadowed

rectangular area Figure 5.3A, where gen =0 is the left extreme and gen =1 is the right extreme.
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Figure 5.3(B) presents the simulation of RF signals for two scatterer distributions: a more

periodic case (R=0.2) and a more random case (R=2).

The experimental randomization in the cell samples was linked to the variance of cellular

sizes and was expressed as:

Rexp=variance(Cell Size)/Mean(Cell Size) 5.2

where the maximum Rexp measured from the cell samples corresponds to the largest R
value considered in the simulation. Finally, the increase in UIB simulated at different values of R
from the numerical simulations was compared to the increase in UIB measured experimentally

from cell samples.



100

Si Si+1
/ D
R
9
B R=0.2 6
33
NERRNARARANNE
To
0 10 20 30 40 50 60 70 80 90100(um) =
1.0- = Depth (um}
-3
— =L
3 08 %
=
g 0.0 -9
£
0.5- 9
= R=2.0
1.0- ’ 8
’ Pulse lenght {um) 5
33
[
L. LU X
0 10 20 30 40 50 60 70 80 80100(um} %
E-3
<
-6
Depth {um)
-&

Figure 5.3 The simulation model. (A) chematic representation of the simulated scatterer positions as
a function of average cell diameter (D) and randomization (R). For a fixed R (represented as a
rectangular shadow area) and cells with an average diameter of D , the S;, scatterer can occupy any
position in the rectangular area determined by: S;.1 = S; +D(1-R/2) for gen=0 and S;.1 -S; +D(1+R/2) for
gen=1 in equation (1). The average distance between scatterers is similar to the average cell
diameter (D). (B) Scatter location is modeled in the time domain by a positive delta peak. The RF
signals are generated by convolving the delta functions with the excitation pulse. The schematic
illustrates the difference in the amplitude of the RF signals resulting from scatterer ensembles with
two different degrees of randomization (R=0.2 and R=2) separated by an average distance of D=10
pm.
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The UIB increased for three of the cell lines (AML, FaDu and Hep-2) exposed to cancer

treatment by 3.8 to 7.5 dB (p<0.001) (Table 5-2).

G2M/polyploid
Nuclei size (%)
Cell size (pm) sub-G1 (%)
Cell type UIB (dB) +/- SE (4m) (mitotic
+/-variance (apoptotic)
+/- variance arrest/catastro
phe)
AML viable
-55.4 +/-0.3 10.3 +/-2.3 8.5 +/-1.4 0.6 10.7/0
AML 2 Gy -51.6 +/-0.6 10.4 +/-4.5 8.5+/-1.9 6.2 27.2/0
AML 4 Gy -48.3 +/-0.5 9.2 +/-5.2 7.8 +/-2.6 9.2 36.4/0
AML 8 GY -49.6+/-0.6 9.9 +/-4.6 7.6 +/-3.0 17.1 25.4/0
AML viable -54.6+/-0.7 10.6 +/-2.3 8.6 +/-1.0 0.28 14.1/0
AML 12 h -54.8+/-1.1 10.6 +/-2.6 8.5+/-1.4 6.9 12.5/0
AML 24 h -50.1+/-1.0 9.6 +/-3.6 7.6 +/-2.8 30.8 10.9/0
AML 48 h -47.1+/-0.8 9.6 +/-3.5 7.1 +/-3.2 42.4 8.2/0
AML 72 h -50.1+/-1.2 10.1 +/-2.0 6.5 +/-3.3 55.4 7.0/0
FaDu viable -50.5+/-0.7 16.6 +/- 7.5 11.7 +/-2.2 0 18.5/1.2
FaDu 8 Gy -46.3 +/-0.8 19.9 +/-19.1 14.3 +/-3.9 0 32.8/9.5
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G2M/polyploid
Nuclei size (%)
Cell size (pm) sub-G1 (%)
Cell type UIB (dB) +/- SE (4m) (mitotic
+/-variance (apoptotic)
+/- variance arrest/catastro
phe)
Hep2 viable -52.3 +/-0.4 17.4 +/-5.4 12.6 +/-2.5 0 22.1/1.6
Hep2 8 Gy -45.9+/-0.6 18.0 +/- 141 13.7 +/-3.7 0 37.2/12.0
C666-1 viable | -45.7+/-1.2 13.0+/- 26.0 10.4 +/-3.3 0 29.3/3.8
C666-1 8 Gy -45.9+/-0.6 14.7+/- 33.3 11.1 4/-4.5 0 44.7/5.7

Table 5-2. The UIB, average cellular and nuclear diameter and relevant DNA fractions measured for all

cell samples. SE represents the standard errors. Three cell samples were considered for each

experimental condition.

No increase in the UIB was measured from C666-1 cell samples exposed to
radiotherapy (Table 5-2). The UIB measured from the AML cell samples exposed to
chemotherapy and radiotherapy increased depending on the duration of the exposure to the

drug and the radiation doses (Figure 5.4, A).

To confirm and quantify different forms of cell death in these cell lines,
measurements of DNA content were carried out, in addition to histology. The percentage of
cells identified as sub-G; G,/M and polyploid for all cell samples are presented in Table 5-2.
Representative sections of H&E staining and corresponding measurements of DNA content
are presented in Figure 5.4 (B and C) and 5 (A and B). Examination of the H&E staining

indicated that AML cell samples exposed to chemotherapy exhibited predominantly features
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associated with apoptotic cell death, specifically nuclear condensation and fragmentation.
Corresponding analysis of DNA content indicated increases in the apoptotic fractions (sub-
G,) of up to 70 and 90 fold at 48 h and 72 h, respectively in Figure 5.4 (C) and Table 5-2. No
significant increase in mitotic fractions (G,/M) were measured at any of these time points
(Figure 5.4 C and Table 5-2). The AML cells treated with radiotherapy revealed a mix of cell
death, apoptosis and mitotic catastrophe (Table 5-2). These observations were in good
agreement with the measurement of DNA content that revealed 15 and 28 fold increase in
the apoptotic fractions and up to three and two fold increase in the mitotic fractions for the

AML cell treated with 4 Gy and 8 Gy radiation dose, respectively (Table 5-2).
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Figure 5.4. The UIB of AML cell samples exposed to cisplatin and radiotherapy. The ultrasound data
were collected at 48 h after the cell samples were exposed to radiotherapy. (A) The UIB increased for
AML cell lines exposed to chemotherapy by 4.5 to 7.5 dB (p<0.001) with a maximum increase after
48h exposure to the drug. The UIB increased for AML cell sample exposed to radiotherapy by 3.8 to

7.1 (p<0.001) with a maximum increase at 4 Gy radiation dose.
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(B) H&E images of AML viable samples, illustrating the normal phenotype of these cell lines and AML

cells exposed to cisplatin for 48 h, corresponding to the maximum increase in UIB for this treatment

condition, the histology presents the characteristics of cell death by apoptosis characterized by nuclei

condensation and fragmentation. The white spaces in the staining represent histological artifacts due

to cell cytoplasm retraction with fixation procedure. These artifacts are typically more pronounced in

the tissue regions presenting advanced cell death.

(C) Quantitative measurement of cell death

corresponding to the histology from the upper panel. The sub-G1 fractions (0.6%-AML viable sample,

42.4%-AML cisplatin 48 h) represent cells found in apoptosis. The scale bar represents 40 um.

The head and

neck cancer cell

lines died predominantly by mitotic

arrest/catastrophe, since no sub-G; fractions were detectable (Table 5-2 and Figure 5.5, A

and B). There were approximately two-fold increases in the mitotic cell fractions and two to

eight-fold increases in the polyploid cell fractions (Table 5-2 and Figure 5.5A) in these cell

lines. Therefore, the cytology and the measurements of DNA content indicated that these
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cell samples responded to treatment by different forms of cell death. Although, each of these
forms of cell death exhibited distinct structural changes (e.g., nuclear condensation and
fragmentation in apoptosis versus increase in nuclear and cellular size in mitotic
arrest/catastrophe) an increase in ultrasound backscatter was measured from all cell

samples (except C666-1) after treatment.
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Figure 5.5. Representative H&E staining and corresponding measurement of DNA content for C666-1
cell samples. (A) C666-1 viable samples, illustrating the normal phenotype of these cell lines and
C666-1 samples exposed to 8 Gy radiotherapy with a general appearance of enlarged cells. The
white spaces in the staining represent histological artifacts due to cell cytoplasm retraction with
fixation procedure. These artifacts are typically more pronounced in the tissue regions presenting
advanced cell death.(B) Quantitative measurement of cell death corresponding to the histology from
the upper panel. The G2/M fractions (29.3% C666-1 viable sample, 45.5% C666-1 8 Gy) represent
the cells found in mitotic arrest. Polyploid fractions (3.8%-C666-1 viable sample 5.7 %- C666-1 8 Gy)
represent the cells found in mitotic catastrophe. The scale bar represents 20 um.
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Scatterer size is a major determinant of the ultrasound backscattering strength with
increases in scatterer size resulting in increases in UIB. To determine how the sequence of
cell death affected cellular sizes, precise measurements of cell size distributions were
conducted using a Multisizer 3 Coulter Counter. The values of the average and variance of
cellular size for each of the cell lines, viable and exposed to radiotherapy and
chemotherapy, are presented in Table 5-2. The average nuclear size for each cell line was
estimated from the fluorescent staining of cells and nuclei staining (Figure 5.6) and is
presented in Table 5-2. The average nuclear size measured from AML cell lines exposed to
either treatment, chemotherapy or radiotherapy, appeared to decrease. The head and neck
cell lines revealed some increase in the average cellular and nuclear size consistent with the
predominant modality of cell death mitotic arrest/catastrophe exhibited by these cell lines
after radiotherapy (Table 5-2). No significant correlation was calculated between UIB and

average cellular size (r=0.41, p=0.12) and UIB and average nuclear sizes (r=0.46, p=0.08).

As a result of treatment, the cell and nucleus underwent a series of structural
changes resulting in an increase in the variance of cellular size, regardless of the cell line
and the modality of cell death (Table 5-2). Figure 5.6 illustrates representative staining of
cell nuclei and membranes indicating the changes in nuclear and cellular sizes and their

arrangement following cell death for one of the cell lines, the FaDu cell line.
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Figure 5.6 Representative staining of FaDu cell samples(A) viable and (B) exposed to 8 Gy
radiotherapy illustrating changes in cellular and nuclear sizes and the changes in nuclei arrangement
with cell death. The blue Hoechst 33342 stains cell nuclei and complementary red-fluorescent Alexa
Fluor 594 stains cell membranes. In the viable cell sample, the nuclei tend to have a more regular
distribution, whereas the nuclei in the treated cell sample tend to have a more random distribution.

The scale bar represents 40 um.

Cell size distributions of AML cell samples and C666-1 cell samples before and after
exposure to the therapy are presented in Figure 5.7. Following cell death, there was an
increase in the number of either smaller particles (consistent with apoptosis) or larger
particles (consistent with mitotic arrest/catastrophe), or both smaller and larger particles
(consistent with the mix of mitotic arrest and apoptosis). A significant correlation was
calculated between the UIB and the variance of cell sizes (r=0.73, p=0.002) for the values

presented in Table 5-2.
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Figure 5.7 Histograms of cell size distributions.(A): AML cells treated with cisplatin for different
periods of time, (B): AML cells treated with different doses of radiotherapy and counted at 48 h after
exposure, (C): C666-1 cells treated with radiotherapy. The histograms are normalized to one by

dividing each count from the distribution to the maximum count.

To examine how the variance of cellular size can influence the UIB, simulations of
ultrasound scattering from scatterer distributions with different degree of randomization were
conducted. These were compared with the experimental data as presented in Figure 5.8.
The changes measured in the UIB with increasing variance of cell sizes were in general
agreement with the simulations of ultrasound scattering with increasing randomization.
Furthermore, these predicted no increase in ultrasound scattering for randomizations higher

than a certain threshold consistent with the high UIB values calculated from C666 cell line

before and after treatment.
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5.6 Discussion

The goal of this chapter was to explore a mechanism that explains the increases in
ultrasound backscatter measured from cell samples undergoing different forms of cell death.
These forms of cell death were characterized by disparate cellular and nuclear structural
changes but presented similar increases in UIB. Specifically, this study investigated the
contribution of an increase of the randomization in nuclei position to the increase of
ultrasound backscatter measured from cell samples exposed to anticancer therapies. The
study assumed that the cell nucleus is the primary scatterer and the nucleus has a fixed
position inside the cell, typically in the middle of the cell. Under these conditions, in a tightly
packed collection of cells, the randomness in the position of nuclei depends on the variance
of cellular size. Simulated data were generated to model the changes in ultrasound
scattering with increasing in the randomness of nuclei position. These results were

compared with the UIB increase and variance of cellular size measured experimentally.

The changes in UIB are related to a combination of intrinsic scatterer properties e.g.,
size, number density and relative acoustic impedance (16, 88). The changes in UIB are also
sensitive to scatterer spatial organization, as indicated by the model proposed by Hunt et al
(72) and the models of ultrasound scattering in blood (15, 93, 131, 133, 134). Changes in
each of these properties happen simultaneously during cell death (i.e. nuclear condensation
and fragmentation, increase in the variance of cellular size), resulting in complex histological
features from which it is difficult to identify the relative contribution of each type of change to
ultrasound scattering. However, each of these changes is likely to have a contribution to the
overall ultrasound scattering strength. For example, the increase in the nuclear size in FaDu
and Hep-2 cell lines may explain the UIB increase measured from these cell samples after
exposure to radiotherapy (Table 5-2). However, the increase in nuclear size alone cannot

explain the increases in the UIB measured in the AML cell line exposed to chemotherapy
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and radiotherapy. This cell line exhibited either no change or a slight decrease in the
average nuclear size for different treatment conditions (Table 5-2). Furthermore, no
significant correlation between the UIB increase and the average nuclear size was found for
the values presented in Table 5-2. The correlation between the average cellular size and the
increases in the UIB was also tested, since some studies (67, 87) suggested that cell is the
dominant scatterer within the frequency range of 10 to 25 MHz. No significant correlation
between the UIB increase and the average cellular size was found for the values presented
in Table 5-2. The AML cells exposed to cisplatin presented significant nuclear condensation
with increases in apoptotic fractions of up to 70 and 90 fold at 48 h and 72 h, respectively
(Figure 5.4, B and C and Table 5-2). Previous studies have reported changes in the acoustic
properties of condensed chromatin following cell death (26, 27, 42, 129). Therefore, it is
possible that changes in density and compressibility to explain some of the increases in the
UIB measured in AML cell samples undergoing predominantly apoptosis. However, the
same magnitude of the UIB increase was measured from the AML cells exposed to 4 Gy
radiotherapy that corresponded to a much smaller increase in the apoptotic fraction of 15-
fold (Table 5-2). Furthermore, similar increases in UIB were measured in Hep-2 and FaDu
cell lines with no evidence of nuclear condensation and apoptotic fractions (Figure 5, A and
B and Table 5-2). Therefore, neither of these changes in nuclear size or acoustic impedance
was able to explain, alone, the increases in UIB measured from these cell samples (AML,
FaDu and Hep-2) after exposure to anticancer therapies. Nevertheless, each of these
changes may contribute variably to the increase in UIB depending on the specific modality
of cell death. For example, a major contribution to the increase in UIB of AML cells treated
with cisplatin appeared to come from changes in the acoustic properties of the condensed
nuclei, since the AML cells treated with cisplatin for 72 h, exhibited a 4.6 dB increase in UIB

with neither increase in nuclear size or variance of cellular size (Table 5-2).
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More evidence that an increase in the variance of cellular size contributes to the
increases in UIB came from the fact that an increase in the variance of the cellular sizes was
measured in all cell samples, regardless of the modality of cell death. It also correlated well
with the increases in UIB (r =0.73, p=0.002). Furthermore, the simulations presented in this
study, predicted no significant increase in ultrasound scattering for randomizations values
higher than 1.5 (Figure 5.8). This was consistent with the very large variance of cellular size,
high UIB values for the C666-1 viable cell samples and no increase in UIB measured from
C666-1 cell samples exposed to radiotherapy (Table 5-2). Interestingly, this cell line
responded to radiotherapy similarly to the other two head and neck cancer cell lines with
increases in mitotic and polyploidy cell fractions (Table 5-2 and Figure 5, A and B). Further
evidence of the contribution of variance of cellular size to ultrasound scattering came from
the comparison of nuclear sizes and UIB values measured from the head and neck cancer
cell lines. The average nuclear size for the C666-1 cell lines was smaller than the average
nuclear size for FaDu and Hep2 cell lines, (Table 5-2). If the randomization did not play a
part and assuming that nuclear acoustic properties did not present large variations between
different cell lines, higher UIB values would be expected from FaDu and Hep2 cell lines with

larger nuclei. This is different than the result observed in this study.

The curves that connect the UIB values from the simulations in Figure 5.8 were
drawn only for guidance (using a second order polynomial) with no intention of suggesting a
specific relationship between UIB and randomization. In their previous publication, Hunt et al
(72) reported a linear relationship between the square root of the UIB and randomization.
This relationship was valid for randomization values of up to 1.5 with no increase in UIB for
randomization higher than 1.5, similar to the results from this study. Suggesting a specific
relationship between the relative UIB and randomization is beyond the purpose of this work.

We believe that further studies, in which the variance of cellular size can be more carefully
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controlled within a large range of values, are more appropriate for this purpose. For
example, a tighter control of the variance of cellular size can be achieved by mixing two cell

lines of distinct nuclear sizes in different proportions (135).

The fact that ultrasound scattering strength is sensitive to the spatial distribution of
nuclei may have a significant impact on ultrasound tissue characterization. Previous studies
have indicated the capability of ultrasound backscatter to discern between viable and
treated tissue (26, 29, 42) and viable and damaged tissue (28). In these studies, the regions
that presented higher tissue echogeneity in ultrasound images corresponded to regions of
higher tissue heterogeneity. For example, larger heterogeneity in nuclear sizes and nuclear
number density were observed in the histology corresponding to the regions that responded
to therapy (29). The increase in randomization of scattering structures following different
forms of cell death may explain part of the differences in ultrasound backscatter between
regions of a tumour that responded and did not respond to therapy and between viable and
damaged tissue. However, one may expect no increase in UIB for highly heterogeneous
tissues, similar to the result obtained from C666-1 cell samples treated with radiotherapy

(Figure 5.8).

The focus of this chapter was to explore if the increase in the randomness of nuclear
positions in cell samples undergoing cell death, contributed to the increases in UIB
measured from these cell samples. While the idea of one-dimensional analysis is useful, a
more realistic model would be two and three-dimensional analysis for the spatial distribution
of scatterers. Two dimensional simulations were preformed previously, yielding similar
results, i.e., increase of ultrasound scattering strength with increase in the randomness of
scatterer positions (70, 72, 73). The purpose of one-dimensional simulation here was to gain
insight as to how the increase in the variance of cellular size with cell death changes the

UIB. The model considered tightly packed cells and scattering occurring from the nucleus
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that occupies the center of the cell. No scattering occurred from other parts of the cell. While
each nucleus could have larger or smaller scattering cross-section depending on its size
and physical attributes, this model considered only the effect of randomization that resulted
from changes in the variance of cellular size, with no further changes in nuclei position

inside the cell with cell death.

With all these simplifications, the model predictions are consistent with the
experimental data. The model appears to be a good starting point to explain how such small
physical changes in a cell could produce such large changes (i.e., up to six fold increase) in
the measured ultrasound backscatter (Figure 5.4 and Table 5-2). Furthermore, the model
explained why some cell samples (C666-1), that appeared to undergo cell death after

radiotherapy exhibited no increases in UIB, as did the other two cell lines (FaDu and Hep-2).

5.7 Conclusion

This chapter indicated that the increase in the randomization of nuclear positions has
a contribution to the increase in ultrasound scattering measured following cell death. The
randomization was expressed as a function of the variance of cellular size in a given
sample. These findings could have important implications for ultrasound characterization of
cell death and tissue characterization in general, since the increase of the cell size variance
is likely common to the most forms of cell death: apoptosis, mitotic arrest/catastrophe, the
mix of apoptosis and mitotic arrest/catastrophe. Therefore, pathologies that result in cell
death can be potentially identified using ultrasound methods. More experimental and
theoretical evaluations are needed to develop these concepts. One approach would be to
separate the contribution of the intrinsic nuclear properties (e,g., size , acoustic impedance)

from the contribution of spatial organization to ultrasound scattering. Ongoing research in
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our laboratory aims to precisely and reliably measure the nucleus acoustic properties as a
function of treatment (41). These values can serve as inputs into classical scattering models
(e.g. Gaussian, fluid sphere, spherical shell) or new developed cell models (87). The
comparison of theoretical ultrasound backscatter spectra with the experimental data may
help to estimate the contribution of randomization to UIB for different types of treatments in

specific cell lines.
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6 CONCLUSION AND FUTURE WORK

6.1 Conclusion

In this thesis | demonstrated that ultrasound imaging (10 to 30 MHz) and quantitative
ultrasound methods are able to non-invasively detect early responses to radiotherapy in
vitro and in vivo. The mechanism behind this detection was linked to changes in the acoustic
properties of cells and/or nuclei and changes in the spatial organization of cells and nuclei
following cell death. The work brings new experimental evidence that randomization in the
spatial organization of nuclei contributes to the increase in ultrasound scattering following
cell death. This final chapter summarizes the conclusions and presents possible future

directions.

In Chapter 3 it was shown that ultrasound imaging and ultrasound spectral parameters,
the UIB and SS, measured from cell samples can be used in the laboratory, in well-
controlled conditions, to monitor response of cells to radiation treatment in vitro. These
results represent the first body of work on the use of ultrasound spectral parameters to
detect radiotherapy effects in vitro and differentiate between cells that die predominantly by
mitotic arrest/catastrophe from cells that die predominately by a mix of apoptosis and mitotic

arrest.

In Chapter 4, tumour response to radiotherapy in preclinical xenograft cancer mouse
models were characterized by three ultrasound spectral parameters: UIB, SS and SI. These
spectral parameters were employed, firstly, to compute the average ultrasound spectral
parameters within a demarcated spatial region and, secondly, to generate parametric

images. It was demonstrated that ultrasound images enhanced by spatial maps constructed
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from ultrasound spectral parameters were capable of non-invasively detecting cell death in
tumours, as early as 24 hours after radiotherapy at the clinically relevant ultrasound
frequencies of 10 to 30 MHz. These results indicate that cells structural changes following
cell death have a significant influence on spectral parameters, providing a framework for
future experiments and/or clinical studies aiming to demonstrate the potential of rapidly and
non-invasively monitoring the effects of radiotherapy and other anticancer treatments using

an ultrasound based approach.

Biological tissues are complex structures consisting of cells of different sizes and
different composition among which are intermixed blood vessels. These structures scatter
ultrasound differently depending on their mechanical properties and ultrasound interrogating
frequency, resulting in complex interference patterns that may explain why fundamental
ultrasonic scattering structures in tissues are still poorly understood. Cell samples, used in
this thesis, are a simplified representation of a tumor likely to contain cells of approximately
same size, similar acoustic properties and packing but without the added complexity of other
structures (e.g., blood vessels, collagen, muscles, skin), whereas a tumor xenograft contains
most of these structures characteristics of biological tissues. Rather than resolving individual
structures, ultrasound spectrum analysis estimates the statistical properties of tissue
structures. Considering that tumor cells are the dominant component of cell samples and
tumors, it is reasonable to expect that ultrasound parameters (related to cellular statistical
properties at the frequencies used in this work) to be similar in cell samples and tumor
xenografts. This is verified by the SS estimated from cell samples (Chapter 3) and tumours
(Chapter 4) that yielded similar values indicating that the same scattering structure
dominates the ultrasound scattering in cell samples and tumour xenografts, regardless of a
more heterogeneous structure of a tumor compared with a cell sample. Assuming a

Gaussian model, the values of the effective scatterer sizes estimated from the SS (equation
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2.12) were close to the cellular sizes estimated from histology (Table 6-1). This suggests

that structures in the size range of cells dominate the backscatter characteristics from cell

samples and tumour xenografts, regardless of a more heterogeneous structure of a tumor

compared with cell sample as also indicated by other investigators (67).

Cell line SS +/- SE SS +/- SE Effective Nuclear and |UIB cell UIB mouse
(dB/MHz) (dB/MHz), scatterer cellular samples tumours
Cell samples tumour (n=6) | size ¥SD sizes £SD (dB) (dB)
(n=3) (um) (pm) (n=3) (n=6)
FaDu
0.53+0.07 0.54+0.05 26.7+2.6 11.742.2 -50.5+0.7 -53.01£0.8
16.617.5
C666-1 0.71+0.06 0.77+0.03 19.3+3.2 10.0+2.4 -45.7+1.2 -56.2+0.4
13.0£26

Table 6-1.The SS and UIB measured from cell samples and tumour xenografts, effective scatterer size and

average nuclear size measured from the histological staining of cell samples and cellular size (as per

Table 5-2).. Hoechst fluorescent staining was used to estimate the average size of nuclei with up to 50

nuclei measured per cell sample.

Similar values of UIB were measured from cell samples and tumour xenografts for

the FaDu tumour cell line. In Chapter 2-Figure 2.6 are presented comparative H&E images

of a FaDu cell sample and tumour indicating similar arrangement of cells in a cell sample

and tumour. However, the UIB values for the C666-1 cell samples were significantly larger

than the UIB values measured from tumour xenografts, about 10 dB difference (Table 6-1).

This difference in the UIB values between C666-1 cell samples and tumours can be

explained based on the results from Chapter 5 in which was indicated that an increase in the

variance of cellular size contributes to the increase in ultrasound backscatter. The C666-1
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cell culture demonstrates a specific phenotype consisting of adherent cells (diameter of ~14
um) and a small proportion of cells growing in suspension (diameter of ~9 um) resulting in a
large variance of cellular size in the C666-1 cell sample (Chapter 5, Figure 5.7 C). The cells
growing in suspension were not represented in tumour xenografts that exhibited a more
uniform composition with cells of approximately similar size (Figure 6.1). Therefore, the
larger variance of cellular size in C666-1 cell samples, six times larger than in tumours
(Figure 6.1) may provide an explanation for the larger UIB values measured from cell

samples, consistent with the findings from Chapter 5.
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Figure 6.1 Histograms of cell size distribution and corresponding H&E staining for (A) C666-1 cell
sample and (B) C666-1 mouse tumour. The variance of cellular size estimated from histology (100
cells were measured) yielded values of 12.8 and 2.3 for the cell sample and mouse tumour,
respectively. The histograms were normalized to one, by dividing each count to the maximum count.
The histology of the cell sample has an appearance of larger heterogeneity in cellular size compared

with the histology of mouse tumour.

6.2 Implications

This thesis contributes to the field of tissue characterization in several ways. Firstly, it
demonstrate that ultrasound imaging (10 to 30 MHz) and quantitative ultrasound methods
are able to non-invasively detect early responses to radiotherapy in vitro and in vivo. This

could provide the benefit of determining tumour response to anti-cancer therapies early,
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within days after the start of treatment, potentially as early as 24 hours, as indicated in this
work. An early predictor of treatment response would be of great value to provide
individualized treatment to cancer patients and particularly promising in multistage
interventions or combination treatments. The tumours treated with radiotherapy exhibited a
heterogeneous response with regions of cell death of irregular shape, as revealed by the
TUNEL staining that corresponded to the hyperechogenic regions in the ultrasound images
(Chapter 4, Figures 4.2 and 4.4). In order to characterize these irregular shapes more
rigorously, parametric images were computed from the local estimates of the ultrasonic
parameters. It was demonstrated that ultrasound methods are capable to detect cell death
and may help to characterize the heterogeneity of tumour response to radiotherapy. The
tumour response to radiation appears to be more complex than originally thought, as
observed in the response exhibited by the tumour xenografts treated with radiotherapy in

this thesis and also indicated by recent investigations (136).

Secondly, assuming a Gaussian model to predict the ultrasound scattering, the
ultrasound estimates of the effective scatterer sizes calculated from the viable cell samples
and untreated mouse tumour yielded values close to the cellular sizes. This constitutes an
important result indicating that the changes observed in ultrasonic parameters could be
linked to changes in cellular structure, therefore, can be used to identify different pathologies
that modify the acoustic properties of cell, including cell death. For example, data presented
in Chapter 3 indicate that spectral parameters were able to differentiate between cells that
die predominantly by mitotc arrest or catastrophe from cells that die predominantly by a

mixture of apoptosis and mitotic arrest.

The results presented in Chapter 5 provide new insights into the physics of ultrasound
scattering from cell ensembles undergoing cell death. These results indicated that the

increase in the variance of cellular size following cell death contributes to the increase in
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ultrasound scattering. These findings could have important implications for ultrasound
characterization of cell death since the increase in cell size variance is common to most
forms of cell death (i.e., apoptosis, mitotic arrest/catastrophe). These results also suggest
that scientists working towards tissue characterization should be prudent in choosing the cell
lines or tissues models to characterize cell death. As demonstrated in Chapter 5, cell
samples with a large distribution of cell sizes may exhibit no increase in UIB following cell

death, similar to the result obtained from C666-1 cell samples treated with radiotherapy.

Finally, these results indicate that a theoretical framework that considers the degree of
orderliness of tissue scattering structure is necessary in order to more accurately
characterize tissue pathologies using quantitative ultrasound. For instance, ultrasound
backscatter measured from ensembles of scatterrers with similar acoustic properties but
different degree of randomization may have different ultrasound backscatter values.
Moreover, diseases that alter the acoustic properties of scattering structures may also alter
their inherited spatial organization. The degree of orderliness of scattering structures has an
influence on ultrasound scattering and therefore needs to be considered in tissue

characterization algorithms.

6.3 Future work

The future work presented in this chapter has three main directions. The first part
proposes future studies to validate this method for applications in preclinical and clinical
studies. The second part suggests some general directions in order to quantify cell death in
a given cell ensemble. The third part reviews the current criteria to assess solid tumour
responses in clinical trials and proposes general directions to incorporate the QUS methods

in clinical trial design.
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6.3.1 Future work, registration of whole mount tumour histology with 3D

ultrasound and parametric images

In Chapter 4, changes in ultrasound images and spectral parameters measured from
mouse tumours were correlated with changes estimated from tumour histology. It was
concluded that the changes in the spectral parameters were direct consequences of cell
death. The tumours were excised and sectioned in the same nominal orientation to best
match the ultrasound scanning planes. Ultrasound and histological images were registered

by visual comparison of tumour size and, similarities of tumor edge.

Currently, stained histological sections are considered the gold standard for cancer
diagnosis, detection of cell death and assessment of tumour response. In order to adopt the
ultrasound images and QUS methods in preclinical and clinical applications, it will be of
interest to know how well the volume of cell death in ultrasound and parametric images
corresponds to the true value in histology. The knowledge of how the margins of the region
of cell death represented in ultrasound and parametric images correspond to the margins of
the area of cell death as assessed from histology can be used to develop new clinical
applications, e.g. guiding needle and surgical excision biopsies for diagnostic purposes

using ultrasound methods.

In order to compare the correspondence between the hyperechoic volume and the
volume of cell death reconstructed from the ultrasound images and histological staining of
the tumour slices, respectively, the whole-mount tumour histology volume can be registered
with 3D ultrasound representation of the tumour. To reconstruct the hyperechoic and cell
death volumes, the hyperechoic regions in the 2D ultrasound images and the area of cell

death in tumour histology can be manually contoured or using automated segmentation
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algorithms based on image intensity. Finally, finite element based-analysis can be used to

estimate the reconstructed volumes and relationship between them.

6.3.2 Future work, predicting the contribution of nuclear acoustic properties

and nuclei spatial organization to ultrasound backscatter

Overall, the results presented in Chapters 3 to 5 indicated that the nuclei change their
size, acoustic impedance and spatial distribution following cell death resulting in changes of
scattering frequency dependence and magnitude of ultrasound backscatter. The contribution
of each of these changes to ultrasound backscatter appeared to be dependent on the forms
of cell death. In order to determine the proportion of cells undergoing cell death in a
biological tissue and, thus, quantifying cell death is necessary to discern between the
contribution of nuclear intrinsic properties and the contribution of nuclear spatial organization

to the ultrasound scattering in an analyzed sample.

Intrinsic acoustic cellular and nuclear properties can be measured using acoustic
microscopy or microrheology techniques. For instance, acoustic microscopy scanners allow
simultaneous optical microscopy and acoustical microscopy imaging of a single cell and can
be used to correlate changes in the acoustical properties and morphological features in a
single cell. Once the cell acoustical properties will be estimated, they can serve as input
parameters to model scattering from a single cell. To model scattering from a cell ensemble,
the position of each scatterer with the cell acoustic properties can be generated as a
function of cellular size variance measured as described in Chapter 5. The corresponding
phase-shifts resulting from this arrangement can be calculated and the individual

contributions to the ultrasound field summed to model the theoretical ultrasound scattering.

Another approach will be to consider that nuclei are suspended scatterers in a

continuum of cytoplasm. For instance, an ensemble of cells can be modeled as a
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distribution of randomly—spaced fluid spheres with nucleus like properties. Other scattering
models to describe the cell scattering, i.e., spherical shell, Gaussian, or newly developed
cell models (87) can also be considered. The theoretical models of ultrasound backscatter
can be fitted to the normalized backscatter power measured experimentally. Typically, a
gain factor is used to correct for any magnitude bias in the normalized power spectra from
the cell sample and the theoretical power spectra (87). Since the initial assumption is that
the scatterers are randomly distributed, the gain factor can be used to infer the contribution

of randomization to the ultrasound backscatter.

It would also be of interest to derive a specific relationship between the changes in the
ultrasound spectral parameters and increase in the variance of cellular sizes. For example,
the variance of cellular sizes can be tightly controlled within a large range of values using
mixtures of two different cell lines with distinct cell sizes in different proportions. This type of
data may provide stronger algorithms for tissue characterization using ultrasound spectral
parameters and may provide input to a theoretical framework for ultrasound tissue
characterization that takes into account the degree of randomization of tissue scattering

structures.

6.3.3 Future directions in characterization of cell death using QUS methods

The long-term goal of this work is the development of ultrasound tissue characterization
techniques to assess tumour responses to radiotherapy and other anticancer therapies in
cancer patients using ultrasound. The spectral parameters UIB, SS and Sl can be used to
differentiate response to radiation treatment. Parameters computed from ultrasound spectra
can be displayed numerically and graphically. However in a clinical setting, results are often

best analyzed and interpreted when information is presented in an image format. Therefore,
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the spectral analysis techniques can be clinically developed in two complementary modes.
The first mode computes the averaged spectral parameters within a demarcated spatial
region that can be delineated by an operator. These parameters can be displayed
numerically and graphically to follow the tumour evolution before and multiple times after
treatment. The spectral parameters can be used to construct a clinical data base and
develop classification procedures for differentiating treatment response. The second mode
generates spectral parameter images that display the distribution of parameter values and
may indicate a heterogeneous response of the tumour and treatment evolution. The treated
tumour may present no early change in tumour volume, shape or other macroscopic traits
but may present significant changes in cellular and nuclear properties. These changes can
be detected by ultrasound spectral parameters and determine whether the therapy is

successful.

The implementation of QUS methods is not difficult. The QUS automated algorithms can
be implemented on modern clinical scanners with RF data collection and processing
capabilities. Therefore, real-time display of QUS images could easily become a reality. In
addition to ultrasound imaging and spectral parameters, changes in the tumour vasculature
with the applied treatment can potentially represent another indicator of tumour response
(136). Studies in progress in our laboratory using mid to high frequency Doppler ultrasound
to assess changes in tumour vasculature following different cancer therapies have
correlated these changes with tumour histology and intratumoural blood vessel density.
Ultrasound imaging, QUS methods and high frequency Doppler ultrasound can be
integrated on the same ultrasound machine and may provide a complete assessment of

tumour response (cells and vasculature) to the applied therapy.

Traditionally, response evaluation criteria in solid tumours (RECIST) guidelines are

applied to clinical trials to evaluate the tumour response and determine whether the
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agent/regimen demonstrates sufficiently encouraging results to warrant further testing (71).
Taking into account the changes in the longest diameter of the assessed tumour, the criteria
for a complete response is the disappearance of all target lesions; partial response means
at least 30% decrease in the longest diameter of the target lesion; progressive disease is at
least 20% increase in the longest diameter of the target lesion with stable disease being
defined as neither sufficient shrinkage to qualify for partial response nor sufficient increase
to qualify for progressive disease. Evaluation of tumour response following these criteria is
typically conducted at six to eight weeks after treatments starts and re-evaluation or
confirmation of response is performed at four weeks after the criteria for response are first
met. In this context, early non-invasive detection of cell death, within days after start of
treatment has a good potential to improve clinical trial efficiency, aid in the development of

novel targeted therapies and provide input to individualized treatment planning.

Ultrasound imaging and QUS methods can be incorporated into clinical trial designs. For
instance, in new drug development, changes in ultrasound images and ultrasound
parameters can be used to monitor therapy response and potentially predict outcome. The
molecular phenotypes of tumours may affect patient specific response to certain therapies.
In this context, the ultrasound parameters can be used as functional image biomarkers to
predict the response and stratify patients based on their response. Since only the patients
who are responsive to therapy will continue these trials, this may result in reducing the
number of patients required for a clinical study. Consequently, this may result in a decrease
in the costs of clinical trials and the time for a drug to reach market. Furthermore, identifying
therapies for individual patients can prevent adverse drug reactions avoiding ineffective

treatments.
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