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ABSTRACT

Sandeep K. Kasoji: Early Assessment of Tumor Response to Radiation Therapy
Using Advanced Contrast Enhanced Ultrasound Imaging Techniques and Applications for
Prostate Cancer
(Under the direction of Paul A. Dayton)

Traditional anatomical imaging for cancer diagnosis and assessing response to therapy is
limited to just the superficial appearance of a tumor. A functional imaging approach, which takes
a closer at look various microenvironments within the tumor, is likely to offer a more holistic
view of the tumor behavior and response to treatment. Acoustic Angiography is a novel super-
harmonic contrast ultrasound imaging technique that utilizes a dual-frequency transducer to
quickly generate high-resolution 3D microvascular images with exceptionally high contrast-to-
tissue ratio. Herein, we demonstrate the ability of Acoustic Angiography to quantify tumor
microvascular features and investigate their changes after therapeutic doses of radiation therapy
in a tumor bearing rodent model. We then demonstrate using functional longitudinal data
analysis that quantified microvascular features can be used to predict radiation therapy response

with limited time point measurements.

Prostate cancer is the most common cancer in men, resulting in near 30,000 deaths a year
in the United States alone. Current diagnostic and staging techniques for prostate cancer have
been shown to have low sensitivity and specificity, limiting early detection and intervention.
There is potential for improving ultrasound imaging techniques for aiding in prostate cancer

detection and biopsy guidance with Acoustic Angiography imaging. The clinical translation of

il



Acoustic Angiography hinges on certain design improvements, primarily increased depth of
penetration. The last part of this dissertation discusses the development of a dual-frequency

linear array transducer for Acoustic Angiography.
This dissertation consists of two primary hypotheses:

1) Acoustic Angiography can be used to quantify changes in tumor microvascular features
and predict radiation treatment response earlier than using tumor volume alone.
2) Acoustic Angiography using a dual-frequency linear array transducer is suitable for

prostate cancer imaging.
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CHAPTER 1:

Overview of Cancer and Radiation Therapy

1.1 Cancer and the Role of Angiogenesis

It is expected that over 1.6 million new cases of cancer will be diagnosed in 2017 in the
United States and over 12 million new cases worldwide, with an estimated number of deaths
reaching over 600,000 and 7 million, respectively [1,2]. Cancer incidence and mortality
increased significantly during the 20th century, most probably due to the surge in tobacco use
and other health epidemics such as obesity, increased alcohol consumption, and poor western-
type diets. While cancer rates have slowly declined since the 1990’s with improved diagnostics,
treatment, and healthier lifestyles, it is still the second most deadly disease in America, after

heart disease, claiming 1 out of every 4 deaths [3].

Advancements in cancer diagnostics have improved the early detection of specific
cancers, allowing physicians to provide treatment at earlier stages, increasing the probability of
controlling tumor metastasis and malignancy. Additionally, technological advancements in
cancer therapies (i.e. nanomedicines, immunotherapies) have improved the specificity and
efficiency for tumor control [4,5]. While advancements in healthcare over the last 50 years have

improved cancer survival rates, cancer has remained a worldwide epidemic.



Cancer arises when mutations in the DNA of normal cells result in aberrant cellular
growth and function. Mutations can be caused by both environmental factors and genetic
disposition, however recent data has shown that most cancers arise from random DNA copying
“mistakes” [6]. Native cellular repair mechanisms will usually fix these mutations at various
checkpoints in the cell cycle, or the cell will undergo apoptosis to prevent further mitotic
divisions of the abnormal cell. Defects or mistakes made in these repair mechanisms may result

in accumulation of mutations drastically increasing the probability of cancer [7].

Mutated cellular DNA can lead to the deregulation of cell signal transduction pathways,
such as RNA transcription, protein synthesis, resulting in the inactivation or overactivation of
certain cellular processes [8]. Usually these sorts of modifications result in increased
proliferation of the aberrant cells and unsettles the balance of regulatory pathways that maintain
homeostasis in the body. Hanahan et al proposed six “hallmarks of cancer” consisting of
molecular characteristics of the tumor microenvironment that contribute to the development and

proliferation of tumors, one of which is aberrant angiogenesis.

Normal angiogenesis is precisely regulated by the expression of pro-angiogenic and anti-
angiogenic factors. In normal tissue, the balance between the expression of both factors is shifted
towards anti-angiogenesis resulting in mostly quiescent blood vessels [9]. Rapidly proliferating
tumor cells will eventually become hypoxic as they grow beyond the diffusion limit of oxygen
with the existing vascular supply, thus straining the metabolic processes of the neoplasm [10].
This oxygen and nutrient starvation caused by hypoxia is a major driving factor in the

upregulation of angiogenesis, resulting in a shift towards pro-angiogenic factors [9].

Tumor angiogenesis is characterized by aberrant, uncontrolled growth of new vasculature

as a result of the upregulation of pro-angiogenic factors. The new growth is typically chaotic in



nature, resulting in excessive sprouting of disorganized, tortuous, and highly dense networks of
vessels. While initially the newly stimulated angiogenesis increases oxygenation and nutrient
delivery to a certain extent, the overall function of the tumor vasculature is deficient, suffering
from leaky vessels and poor perfusion [11]. Further endothelial cell recruitment of pericytes
ultimately results in the formation of premature vessels, as they are constantly bombarded with

signaling factors preventing complete vessel maturation [12].

The rate and extent of angiogenesis varies by tumor type and the microenvironment
conditions leading to tumors with a wide range of vascularity. The extent of tumor vascularity
has significant implications on the growth of the tumor and the effectiveness of various treatment
modalities, specifically chemotherapy and radiotherapy (RT). Chemotherapy (targeted or
untargeted), typically administered intravenously, requires sufficient blood flow into the tumor
region for maximum effect. In addition to increased vascular density and tortuosity, angiogenesis
is often accompanied with tumor hypoxia and necrosis [13]. Tumor necrosis has been reported to
correlate with levels of angiogenesis and poor prognosis of malignant cancer. Specifically, avf3
integrin, a key regulator in tumor angiogenesis is known to be associated with necrosis and
apoptotic activity [14]. Therefore it is typical for tumors to develop necrotic and perinecrotic
regions of the tumor. Since a higher density of vessels exist in the perimeter of the tumor,
successfully delivering a sufficient concentration of drug throughout the entire tumor is difficult.
New techniques that stimulate transient increased blood flow, such as “vascular promotion
therapy”, assist in delivering the drug into the hypoxic regions of the tumor [15]. The opposing
school of thought employs methods of reducing the tumor pro-angiogenic drive using anti-

angiogenic drugs in order to stunt tumor growth and possibly induce tumor regression [16].



Usually, these techniques are used together with other treatment strategies such as radiation or

surgical resection.

Similarly, presence of blood as an oxygen carrier increases the efficacy of RT by
increasing oxygen radical formation, an indirect mechanism for radiation assisted cell death.
Microvessel density and perfusion have been shown to be a prognostic factor of RT response.
Previous studies have demonstrated the radioresistance of hypovascular/hypoxic tumors as well
as the improvement in RT response with pro-angiogenic pre-treatment of the tumor prior to
radiation. Other studies have proposed the delivery of secondary oxygen carriers via IV or

intratumoral injection to increase oxygen concentration for increasing radiosensitivity [17].

1.2 Radiation Therapy and its Effect on Tumor Microvasculature

RT is one of the most basic forms of cancer treatment, used to treat approximately 50%
of all cancer patients during their first course of treatment, and contributes to 40% of curative
cancer treatment [18,19]. Approximately 40% of cancer patients are on at least their second
course of RT, with rates of cancer resistance ranging from 20-30% for PCa, 10% for breast
cancer, and as high as 90% for some types of lung cancer [20-23].

Although ionizing radiation has been used over 110 years for treating cancer, many facets
of radiobiology are still not well understood. The most accepted theory of the radiobiological
mechanism for cancer treatment using conventional radiation is the direct and indirect damage
inflicted on cellular DNA. The specific chemical mechanisms for DNA damage are still being
studied, but in general, DNA is affected by ionizing radiation in two ways. lonizing radiation

(photons or atomic particles) can directly pass through cellular DNA causing base-pair deletions,



or single and double-strand breaks. Although direct ionization occurs, it only accounts for a
small contribution of the total DNA damage [24]. Ionization can also pass through the cellular
membrane, interacting with aqueous molecules and forming reactive oxygen species (ROS) and
free radicals. ROS and free radicals are extremely reactive (given their unpaired electrons) and
readily attack covalent bonds of DNA, causing single and double-strand breaks [25]. This
accounts for the majority of DNA damage (>80%) and is the most commonly accepted
mechanism for cellular death. Cellular repair mechanisms (base excision repair) deal with base-
pair deletions and single-strand breaks on a daily basis due to natural production of ROS and free
radicals; however, repair of double-strand breaks is prone to errors and usually results in cellular
apoptosis. Although some normal cell damage is inevitable during RT of cancer, it has been
reported that highly proliferating cells such as cancer are more sensitive to radiation. Cellular
death from radiation exposure occurs during the mitotic phases, therefore quickly dividing cells
react sooner than healthy tissue [26]. The same phenomenon holds true for other quickly
dividing cells such as epithelial and endothelial cells.

To date, the clinical standard for assessing radiation treatment response is a system
similar to Response Evaluation Criteria in Solid Tumors (RECIST), where changes in tumor size
indicate positive or negative treatment response [27]. Unfortunately, gross changes in tumor
volume (TV) occur very slowly (weeks to months after treatment) and is a limitation especially
when the tumor is not responding well to the treatment as early assessment of a failed treatment
will allow physicians more time to switch treatment strategies. Advances in radiobiology over
the last half-century had revealed that changes in TV are the result of a long cascade of intricate
biological processes. Better understanding the effect of radiation on various tumor

microenvironments will enable us to further improve patient outcomes either by better and faster



assessment of response to therapy, improving the effectiveness of adjuvant therapies, or
developing more advanced methods of RT. One such microenvironment, the tumor
microvasculature, has been known to be significantly affected by radiation, resulting in a series
of molecular changes that result in tumor cell death and control [28]. Endothelial apoptosis of
tumor microvasculature is known to be a homeostatic factor in the regulation of tumor growth
and is strongly correlated with tumor control when treated with radiation, therefore suggesting
that DNA damage and consequential cell death due to exposure to ionizing radiation may not be
the only significant factor determining the effect of RT [29]. Better understanding the complex
mechanisms behind the microvascular response to radiation may enable a better understanding of

overall tumor response to treatment, allowing for improved treatment planning.

Immediate changes in tissue perfusion as a result of cancer treatments have been closely
studied and documented previously. In the context of RT, many studies have observed changes
in vascular function in both clinical and pre-clinical studies. Park et al reported in an extensive
review that lower dose treatments (<10 Gy) induced mild vascular damage, while larger doses
(>15 Gy) resulted in significant vascular damage that was reflected in both vessel density and
perfusion [30]. Long term vascular changes in higher-dose scenarios have been largely
consistent. In another study, it was reported that 10 Gy radiation induced an increase in perfusion
immediately after radiation, and then a significant decrease in perfusion 26 hours post treatment.
Perfusion returned to normal levels 7-11 days after treatment [31]. Others have reported similar
trends in blood perfusion: a sudden hyper-perfusion, followed by a sudden hypo-perfusion, and
then gradual return to normal perfusion levels.

The correlation of these relatively short-term response trends to long-term outcome is an

interesting question. Several studies have suggested that initial tumor vascular response may be a



predictor of long-term treatment response. It was reported by that immediate vascular volume
and perfusion changes following high dose (>10 Gy) RT precede long term outcomes.
Specifically, a marked increase in perfusion and neovascularization was a potential predictor of
long-term tumor regrowth [32—-34]. This was corroborated by Song et al, who also reported
increased revascularization in tumors that regrew 15 days after 30 Gy treatment [30].
Interestingly, Maeda et al demonstrated early microvascular changes (within just 2 days) in
response to a single dose of radiation in a mouse optical window chamber model suggesting that

the tumor microvasculature is a highly dynamic and responsive system [35].

In addition to functional changes in tissue microvasculature, previous studies have
reported changes in vessel structure in response to RT. Specifically, Bullitt et al demonstrated the
use of vessel segmentation and tortuosity calculations from magnetic resonance angiography
(MRA) images of the brain and correlated radiation treatment outcome with vascular
normalization [36]. It was observed that increased tortuosity was associated with tumor
recurrence, suggesting that the analysis of vessel shape may be an important biomarker for

assessing treatment response.



CHAPTER 2:

Overview of Cancer Imaging

2.1 Modalities for Cancer Imaging

Cancer can be diagnosed using a variety of techniques including blood tests, physical
examination, tissue biopsy, genetic tests, and imaging. Technology is rapidly improving in all of
the diagnostic areas whether it is the development of antibodies that are more specific to blood
serum antigens or advancements in Next Generation Sequencing/High-throughput Sequencing
for personalized cancer screening [37-39]. Radiology plays an important role in the
multidisciplinary approach to cancer diagnosis and disease management; it has dominated the
area of cancer diagnostics for over half a century due to its non-invasiveness, standardized
techniques, and versatility in application. Imaging is applied in a number of ways in oncology,
including routine screening, biopsy guidance, and treatment monitoring to name a few. Nearly
every imaging modality is currently used in cancer diagnosis (ultrasound, computed tomography
(CT), magnetic resonance imaging (MRI), positron emission tomography (PET), single photon
emission computed tomography (SPECT), bone scans, Optical Coherence Tomography (OCT),

each with its unique strengths and weaknesses [40—42].

Anatomical imaging is best used for identifying solid masses in the body and is most
commonly used in the clinic. Imaging modalities commonly used for anatomical imaging include

ultrasound, MRI, and CT. Often a combination of these imaging modalities will be used



depending on the type and location of the tumor. Traditional grayscale ultrasound imaging is
useful for imaging soft tissue tumors with high sensitivity which may otherwise be difficult to
see with x-ray imaging. It is a real-time imaging modality, inexpensive, and globally accessible.
CT and MRI excel at allowing physicians to perform 3D full body imaging of the body to

visualize location, morphology, and size of lesions [43].

Functional imaging adds an additional dimension to cancer diagnosis by offering
information regarding the molecular activity of the cancer. Two examples include PET and
SPECT imaging, which can be used to identify regions of abnormal molecular activity (e.g.
localized increase in radiolabeled glucose uptake is indicative of cancer). While PET and SPECT
have high sensitivity and specificity to the radiolabeled compounds that are used for imaging,
they lack resolution and anatomic detail. Development of multimodal imaging techniques, such
as PET-CT or PET-MRI have made it possible to visualize anatomical and functional
information simultaneously [43]. The fusion of anatomical and functional imaging has been the
backbone of image aided cancer diagnostics, and the same theories can be applied to assessing

cancer response to therapy as well.

2.2 Imaging for Assessing Response to Therapy

The long standing standard for assessing treatment response is quantifying changes in the
size of the tumor mass. Since tumor measurements can be easily performed serially and
noninvasively with traditional imaging modalities, imaging is typically the preferred method for
assessing response to treatment. Traditionally, uni-dimensional or bi-dimensional measurements

taken in the axial plane are used to represent tumor size; however, more recent studies have



demonstrated that volumetric measurements may provide a more accurate assessment. The
Response Evaluation Criteria in Solid Tumors (RECIST) was published in 2000 as a guide of
international standards for assessing tumor response to therapy using medical imaging,
specifically CT and MRI. It is commonly used by physicians on a daily basis as part of their
treatment monitoring (which also includes symptom surveillance and other tests). RECIST
categorizes lesions as measurable and non-measurable. Measurable lesions are >20 mm on chest
x-ray (or >10 mm on spiral CT) [27]. Measurable lesions are further categorized as complete
response, partial response, stable disease, or progressive disease based on percent increase or
decrease of the sum of the largest diameters. Non-measurable, or non-target lesions are also
categorized as complete responders, stable disease, or progressive disease based on their

disappearance or persistence, or the appearance of new lesions.

The advancement of new cancer drugs and targeted treatment strategies has warranted the
development of a new method of assessing tumor response. At the time RECIST was published,
many of the chemotherapeutics used were cytotoxic drugs which functioned by directly killing
cancer cells. Therefore, a change in the number of cancer cells was represented by a change in
the TV. New treatment strategies, such as anti-angiogenic drugs, or drugs that inhibit cancer cell
proliferation by interrupting relevant cell signaling pathways, do not directly kill the cancer cells
yet have still demonstrated sufficient tumor control and disease management [44]. Considering
the effects of these new types of treatments requires a different biomarker that looks beyond the

size of the tumor.

Nuclear medicine (PET and SPECT) and contrast imaging techniques for MRI, CT, and
ultrasound have proven useful in assessing molecular changes and changes in physiological

function. For example, FDG (Fluorodeoxyglucose) PET is the most commonly used radionuclide
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for PET imaging to assess glycolytic metabolism of the tumor [45]. PET is often coupled with an
anatomical imaging modality such as PET-CT or PET-MRI which registers the molecular

(functional) information with the anatomy.

Dynamic contrast-enhanced CT and MRI enable quantification of contrast perfusion in
the tissue of interest [46]. Depending on the type of therapy, blood perfusion in the tumor may be
expected to increase or decrease. For example, a decrease in tumor perfusion might be expected
after the delivery of an anti-angiogenic drug. Changes in tumor metabolism and blood perfusion
are two of many alternative biomarkers that can be used for assessing response to therapy that

may paint a more accurate picture of treatment effects than TV.

As discussed previously, angiogenesis plays a crucial role in tumor development and the
resulting tumor vasculature has distinctive characteristics such as increased tortuosity, density,
and permeability. Angiogenesis can be quickly triggered in response to physiological stimuli
such as inflammation and hypoxia [47]. Since these changes have been shown to occur much
sooner than the physical growth of the tumor mass itself, the ability to assess microvascular
changes related to a particular disease would potentially increase the sensitivity of diagnostics

and improve disease management.

2.3  Medical Ultrasound Imaging

Apart from x-ray imaging, ultrasound imaging is the oldest, most fundamental imaging
modality used in medicine. There are many advantages of using ultrasound over other imaging
techniques, such as MRI and CT. Ultrasound is a non-ionizing imaging technique and when used

within clinical parameters, produces no adverse bio-effects. It is highly portable with a footprint
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of less than 1 m?, and requires just a small consult room. Recent advancements in ultrasound
instrumentation have condensed the size of an ultrasound scanner to the size of a table or phone--
in fact, there are now ultrasound apps that are available for the iPhone. This is in contrast to CT,
MRI, and nuclear imaging, which require significantly more expensive equipment and dedicated
facilities to house the scanners. These large imaging rooms are usually equipped with a
procedure room and an external control room so that interference from ionizing radiation or
magnetic fields do not affect bystanders or other unprotected equipment. Ultrasound is also
significantly inexpensive. Standard diagnostic ultrasound and chest x-ray cost $150-300, while
MRI, CT, and nuclear imaging can cost anywhere from $500-$2,500 depending on the

application (prices based on no insurance coverage) [48].

Medical ultrasound is most commonly used for anatomical imaging. Unlike the full-body
imaging capabilities of CT and MRI, ultrasound has an extremely limited field of view of ~2-7
cm laterally, and 15-20 cm axially. However, ultrasound offers higher resolution, anywhere from
100-1000 um depending on the desired frequency and application. In terms of cancer imaging,
traditional brightness mode ultrasound (b-mode or gray-scale ultrasound) can detect abnormal
lesions with high sensitivity, however it has low specificity in lesion subtyping or assessing
malignancy [49]. It is also difficult to visualize blood with conventional ultrasound, and
standard Doppler techniques are limited and unable to detect smaller vessels due to limited
scattering of blood components and a low impedance mismatch between blood and the

surrounding tissue.

To improve the imaging specificity to tissue vasculature, a contrast agent is typically
used. For example, iodinated or gadolinium based contrast agent is intravenously injected for

contrast CT or MRI imaging, respectively. Similarly a microbubble contrast agent can be used
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for contrast enhanced ultrasound imaging (CEUS) which provides sufficient contrast between

blood and the surrounding tissue.

24 Ultrasound Contrast Imaging

Microbubble contrast agents are composed of an inert, high molecular weight gas core
stabilized by a phospholipid or albumin shell. Other molecules may be incorporated with bubble
shell. For example, polyethylene glycol (PEG) is often incorporated into lipid shell
microbubbles, which acts as a stealth agent, reducing its visibility to the reticuloendothelial
system. The bubbles are on the order of 1-3 pm in diameter, roughly the size of red blood cells
[50]. This means that once introduced into the vascular supply, they remain strictly an
intravascular contrast agent. This is in contrast to gadolinium and iodine based contrast agents
for CT and MRI, which eventually diffuse out of the vasculature. As a pure intravascular agent,
the microbubbles increase the specificity of microvessel detection using ultrasound. The half-life
of the bubbles is on the order of 3-5 minutes, depending on the organism that is being imaged;
for humans, it is approximately 3 minutes. The shell components are cleared by the body through
the liver and spleen, while the core gas is transferred out through the lungs and simply breathed

out.

Microbubbles possess very interesting properties which enable high contrast-to-tissue
vascular imaging. Since the core of the bubble is gaseous, the acoustic impedance mismatch
between the tissue/blood and microbubbles is very high, resulting in increased ultrasound
scattering [51]. Further, the gas core expands and contracts as it is interrogated by an ultrasound

pulse, resulting in a non-linear, harmonic oscillations, in contrast with highly linear tissue
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reflections centered at the fundamental frequency with weak higher harmonic signal. Various
ultrasound algorithms take advantage of the non-linear oscillations for contrast imaging. For
example, pulse inversion is a technique where two consecutive pulses (the second pulse is
inverted) are transmitted such that their echoes are summed, subtracting the odd harmonics and
summing the resultant even harmonics [52]. This effectively removes the linear fundamental

frequency, while retaining the non-linear, harmonic (primarily 2nd order) signals.

CEUS has been used heavily in echocardiography, and in the last decade, techniques such
as perfusion imaging and molecular imaging have been tested in preclinical and clinical settings
in a variety of organ systems and cancer types [50]. While the applications of CEUS are
seemingly ubiquitous, the resolution of typical CEUS imaging schemes are limited and
differentiation of individual vessels cannot be achieved. The ability to resolve small vessels
allows for further quantification of the vascular environment within a tissue, such as vascular
density and morphology. With traditional CEUS imaging, it is difficult to discern increases in
contrast intensity as a function of increased microvasculature or local increase in perfusion.
Higher ultrasound frequencies (>15 MHz) are required for higher resolution imaging, however
the microbubble contrast agents resonate most effective when excited at low frequencies
(microbubble resonance is approximately 1-5 MHz) [53]. Interestingly, the response of
microbubbles when excited at low frequencies is significantly broadband relative to the
surrounding tissue, and can produce energies that can be detected at high frequencies greater
than 30 MHz [54,55]. The ability to excite microbubbles at their resonance frequency and

receive super-harmonic content would enable significantly higher resolution CEUS.
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CHAPTER 3:

Overview of High-Resolution CEUS

3.1 Acoustic Angiography

Acoustic Angiography (AA) is CEUS imaging technique developed by the Dayton Lab at
the University of North Carolina at Chapel Hill that implements the concept of superharmonic
imaging, which utilize the broadband microbubble response for high-resolution microvascular

imaging [56].

Figure 3. 1. Acoustic Angiography and B-mode images. A) B-mode image in the coronal view of
a tumor located in the right flank of a rat indicated with yellow arrows. B) A coronal maximum
intensity projection of 3D intensity data from a stack of 2D AA images in the same imaging area.
Using AA we can visualize the tumor tissue and microvasculature with exceptional tissue
rejection.

In this method, a low frequency transmit pulse at a moderate pressure (0.6-1.0 MPa) is

delivered around the resonance frequency of the microbubble. The resulting broadband
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microbubble response spans as high as the 8-10th order harmonics. The lower harmonics (mostly
containing tissue signal) are filtered out using a high-pass filter. Since such broadband
transducers do not exist that can perform both a low frequency transmit and a high frequency
receive, a prototype confocal dual-frequency transducer was developed containing a low
frequency (1-4 MHz, close to microbubble resonance) outer ring element for transmission and a
high-frequency (25-30 MHz) inner element for receiving (Figure 3.2). The large bandwidth
separation of the transmit and receive frequencies enables the detection of broadband
microbubble signals while rejecting linear tissue signal. AA is significantly more sensitive to
microbubble contrast agents resulting in a high contrast to tissue ratio (CTR) of up to 20 dB, and
because such a high receiving frequency is used, the resolution is approximately 100-200 um,

higher than conventional contrast imaging techniques [54].

Motorized Lateral Translation LOW-fre.quency
of Elements y 4 Transmit
' High-frequency
Receive
A B

Figure 3. 2. The RMV prototype dual-frequency probe used for AA imaging. The low-frequency
annulus is used for transmission, and the high-frequency inner element is used for receiving. The
transducer “wobbles” laterally to produce a curvilinear type ultrasound image.
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3.2 Vascular Metrics Derived from Acoustic Angiography

A stack of 2D images acquired by translating the ultrasound probe in the elevational
dimension can be constructed into a 3D visualization of tissue microvasculature. There are
several vascular metrics that can be derived from AA 3D data. Using the grayscale 8-bit raw
intensity data, thresholding algorithms can be used to filter out weak microbubble contrast signal
from slow-flowing unresolvable vessels, below the resolution limit of AA and binarize the
remaining resolvable vessels (>100 um) -- this is performed over the entire 3D volume. For
instance, volumetric vascular density (VVD) can be measured with the binarized image by
summing the number of pixels above the grayscale threshold and dividing by the number of

pixels within the user defined region of interest (ROI) encompassing the tumor region [57].

Individual resolvable vessels can also be segmented using specialized segmentation
software, which generates an array of 3D vectors representing the tubular centerline for each
vessel enabling quantitative morphological assessment. As discussed previously in section 2.1,
tumor vessels are often characterized as highly tortuous. Using AA and segmentation methods,
we calculate vessel tortuosity using three metrics: distance metric (DM), sum of angles metric
(SOAM), and total curvature metric (TCM) [58]. The DM is calculated by dividing the length of
the extracted vessel path by the length of the end-to-end vessel secant. The SOAM is calculated
by integrating the angular changes throughout the centerline of the vessel, divided by the length
of the extracted vessel path. TCM is calculated by summing the total curvature of the vessel and
dividing by total path length [58]. All three metrics are complementary to describing vessel

tortuosity—for example, SOAM and TCM are more sensitive to tightly coiled vessels.

Tumor necrosis (or severely hypovascular regions) can also be detected and quantified.

As discussed previously, tumor necrosis has been shown to correlate with angiogenesis and poor
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prognosis. By reducing the frame-rate of imaging, we can increase our sensitivity to microbubble
signal, including signals from smaller, slow flowing vessels (Figure 3.3). This results in an image
similar to conventional CEUS, however the increased resolution and contrast sensitivity allows
us to draw precisely defined lines of regions of necrosis and calculate percent necrosis (PN).
Using a slower frame-rate image, we apply the same binarization algorithm used for VVD

calculations and count the pixels below the grayscale threshold.

0 Frame Averaging 2 Frame Averaging

Figure 3. 3. The effect of frame averaging on AA images. The AA image on the left was
acquired without frame averaging. Contrast signal from microvessels below the resolution limit
can be detected. In this way, areas of no perfusion (considered severely hypoxic or necrotic) are
easily discernable and can be extracted and measured using basic image processing. The image
on the right is after 2 frame averaging. The signal intensity is significantly lowered since signal
from small, slower flowing vessels is averaged out between frames. The result is that individual
vessels can be visualized during 3D reconstruction.

33 Prior Studies with Acoustic Angiography

Previous work has largely focused on demonstrating AAs ability to quantify statistical
differences in vascular tortuosity and density between normal and cancerous tissue. Gessner et al
published results using segmented vessel tortuosity analysis from 438 vessels that demonstrated
an increase in both DM (23.76% higher) and SOAM (50.73% higher) in rat fibrosarcoma (FSA)

tumors compared to normal tissue [59]. Shelton et al later demonstrated that AA alone could
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detect statistical increases in DM and SOAM in tumors as small as 2-3 mm [60]. This established

the detection of “pre-palpable” tumors using quantification of microvascular features alone.

The work discussed in this dissertation builds upon this previous work and extends the
application of AA to assessing tumor microvascular response to treatment, specifically RT. We
investigate the quantification of various vessel features and evaluate their sensitivity to
microvascular changes with the intent of developing a predictive measure of successful or

unsuccessful response to treatment.
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CHAPTER 4:

AA for Assessing Tumor Microvascular Response to RT!

4.1 Overview

Previously we have demonstrated the ability to discriminate healthy from cancerous
tissue solely by quantifying abnormal microvasculature using AA. As tumors develop, their
microenvironment become denser with tortuous and leaky vessels. Additionally, quickly growing
tumors become hypoxic resulting in regions of severe hypovascularity and necrosis. We
hypothesize that changes detected in the tumor microvascular microenvironment using AA in
response to RT are correlated with long term survival. In this study, we longitudinally performed
AA imaging on tumor bearing rats treated with a single dose of RT, measured five tumor
vascular features at each time point, and determined the correlation with long term survival

compared with TV measurements.

! This chapter previously appeared as an article in the Journal of Theranostics. The original citation is as follows:
Kasoji SK, Rivera JN, Gessner RC, Chang SX, Dayton PA. Early Assessment of Tumor Response to Radiation
Therapy using High-Resolution Quantitative Microvascular Ultrasound Imaging. Theranostics. 2018,;8(1):156-168.
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4.2 Materials and Methods

4.2.i Rat and Tumor Models

All animal surgical and imaging procedures were reviewed and approved by the
University of North Carolina at Chapel Hill Animal Care and Use Committee prior to conducting
this study. Rat FSA tumor tissue was subcutaneously implanted in the right flank of 30 female
Fisher 344 rats as previously described [61]. Rat FSA was originally induced and isolated from
Fisher 344 rats injected with the carcinogen, methylcholantrene [62]. Rat FSA is characterized as
a local, non-metastasizing tumor that is highly vascular and oxygen dependent [62,63]. Because
of its high vascularity, it is an appropriate tumor model for AA imaging after RT, since we are
specifically interested in the tumor vascular response to therapy. Because rat FSA is oxygen

dependent, avascular regions typically undergo tissue necrosis [63].

4.2.ii RT and Monitoring

Once the tumors reached their target treatment size of 5-10 mm in diameter in the longest
dimension of the sagittal plane, the tumors were given a single dose of radiation. The rats were
split into four different dose cohorts and received either 0 Gy (treatment control, n=9), 15 Gy
(n=8), 20 Gy (n=5), or 25 Gy (n=8) of radiation. The dose levels were determined during a
longitudinal pilot RT study (unpublished) that was conducted at 0, 5, and 20 Gy. We found that 5
Gy had no tumor control, and 20 Gy had roughly 50% complete response (tumor shrinkage and
eventual disappearance) and 50% partial response (initial tumor shrinkage followed by a delayed

tumor regrowth). We selected a dose level of 15-25 Gy as it allowed us to investigate the dose
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dependent correlation between TV change and microvascular change for both complete response

and partial response groups with similar statistics.

The rats were anesthetized using vaporized isoflurane and oriented in the left lateral
recumbent position on a heating pad throughout the duration of the treatment with front and rear
paws stabilized on the heating pad with medical tape. Positioning was performed using a
rotatable rat positioning table (VisualSonics, Toronto Canada) so that the tumor was completely
irradiated while minimizing exposure to the abdominal region (Figure 4.1). The rats were treated
with a Primus II clinical linear accelerator (Siemens Healthcare, Malvern, PA) with a dose
prescription of 6 MV photons, 2 cm x 2 cm collimated radiation field size at 100 cm source-to-
skin-distance (SSD), and 1 cm of water-equivalent build-up material. All rats were monitored
daily for the first 2 weeks following treatment, and then every third day thereafter. Additionally,
the animals were all fed identical diets consisting of regular protein pellets and both calorie-rich
and hydrating gels to mitigate excessive weight-loss and water-loss due to dehydration in the

case of intestinal distress caused by radiation enteritis.
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Figure 4. 1. Setup used for irradiation and ultrasound imaging. A) (Front view) For irradiation,
the rat was positioned on a heating pad mounted to a 3-axis rotatable base. The heating pad was
rotated to an angle such that irradiation beam was centered on the tumor while minimizing
exposure to the abdominopelvic region. The 1 cm water-equivalent bolus was then placed on top
of the tumor region. B) (Top view) The rat was secured to the heating pad using medical tape. A
2 cm x 2 cm irradiation field size was used. C) (Front view) For imaging, the rat was positioned
on the same heating pad, oriented parallel to the floor such that the tumor was facing up. A
custom designed water bath was used to separate the transducer from the gel while still being
continuously coupled to the tumor, so that the mechanical translation of the transducer would not
displace the gel causing decoupling and introducing air bubbles. D) (Side view) The transducer
was mechanically translated in the elevational dimension for 2 cm for each scan.
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4.2.iii Imaging Procedure

Rats were imaged immediately prior to radiation for baseline measurements. After the
radiation treatment, imaging was performed daily for 3 consecutive days and then every 3 days
for approximately 30 days or until the tumors reached the maximum size of 2 cm in the longest

diameter.

During each imaging session the rats were anesthetized using vaporized isoflurane and
positioned on a heating pad as described above. A tail vein IV catheter was inserted for constant
microbubble contrast infusion during AA imaging. Microbubble contrast agents were prepared
in-house using sterile techniques, as previously described [61]. The contrast was diluted with
0.9% sterile saline in a 1:1 ratio. The contrast agent was administered as a small bolus of 50 pL
immediately followed by a constant rate of infusion of 40 pL/min using a pre-clinical infusion
pump. Contrast was infused for 30 seconds before imaging was initiated to allow contrast flow to
achieve a steady state and then was continued for the duration of the imaging scan. A total
contrast volume of approximately 180 puL was injected for one AA scan. The tumor region of the
rat was shaved and depilated and ultrasound gel was applied onto the tumor region for ultrasound
coupling. A custom imaging bath was used for all imaging to minimize gel decoupling during
mechanical translation of the transducer (Figure 4.1). All imaging was performed on a Vevo 770
pre-clinical ultrasound scanner (VisualSonics, Toronto, ON, Canada) with a custom prototype
dual-frequency transducer modified from a VisualSonics RMV707 probe, as previously
described [64]. This transducer utilized a 4 MHz transmitter and a 30 MHz receiver, and was
mechanically swept to acquire 2D images, and then translated in the elevational axis to acquire
3D data. A b-mode (anatomical) image volume was acquired over a 2 cm region, followed an

AA scan over the same region. The elevational step size for each image was 100 um. Two-frame
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averaging with a frame rate of 3 frames/second was used for all AA imaging to improve the

signal-to-noise ratio for producing optimal images.

4.2.iv Image Analysis

The b-mode images were used to calculate TV. The caliper feature on the Vevo 770
imaging software was used to measure the longest tumor diameter in each image axis to
approximate the ellipsoidal volume of the tumor. The AA images were post-processed using
MATLAB (MathWorks, Natick, MA), TubeX, and VesselView to measure VVD, PN, and vessel

tortuosity through the SOAM, DM, and the TCM [65,66].

It is important to identify and remove large hypoechoic regions to not overestimate the
total perfused tissue volume [67,68]. We assumed that large hypoechoic regions were due to
necrosis and hypoxia, based on tumor ex vivo observations and prior literature that describes rat
FSA as a highly oxygen dependent tumor [63]. These hypoechoic regions will be referred to as
“necrotic” for simplicity, which encompasses necrotic and perinecrotic regions. For identifying
necrotic regions, a de-noising 2D median filter was applied to each frame of the AA image slices
to smooth the image and then a threshold was used to create a volumetric binary mask which
identified large dark regions. The ratio of the number voxels representing necrotic regions within

the ROI and the number of voxels representing the entire tumor ROI was calculated as PN.

) # voxels of identified necrosis
Percent Necrosis (PN) =

# of voxels in the tumor ROI

The previous volumetric binary mask used for identifying PN was then reapplied to the

original AA image followed by subsequent thresholding to identify the vessels using the local
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Otsu threshold method [69]. VVD was calculated by dividing the number of voxels representing

vessels by the number of voxels representing the tumor tissue sans necrosis (Figure 4.2).

Figure 4. 2. Summary of the image analysis for calculating VVD. A single 2D slice of a 3D
volume is shown in this figure. A) The original AA ROIL B) The original image, de-noised with a
2D median filter. C) The binary vessel image of the original ROI produced by applying an Otsu
threshold. D) The hypoechoic mask made by applying a threshold on the de-noised image (B). E)
The mask (D) applied to the binary vessel image (C). Arrows indicate resolvable vessels that
have been converted into binary by thresholding.

For vessel tortuosity analysis, individual vessels were segmented using a custom
segmentation software (Tubex) designed by Bullitt and Aylward et al which uses a ridge
traversal method to extract tubular objects from 3D images [66]. Using the b-mode images,
volumetric ellipsoidal ROIs were drawn encompassing the tumor and the surrounding tissue
(each major axes was 1.5 times the radius of the measured tumor diameter). Only the tumor

region and surrounding tissue was included in the segmentation analysis since including normal
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vessels far from the tumor region reduces the sensitivity of detecting changes in tortuosity. The
raw image ROI data was preconditioned into isotropic voxels prior to segmentation. The
automatic, single vessel segmentation algorithm requires a manual definition of a seed point
(performed by clicking a potential vessel in either the coronal or axial slice mode), which then
automatically extracts the rest of the vessel by following the image intensity ridge representing
the centerline of the calculated tubular structure (Figure 4.3). The algorithm performs a spatial
up-sampling function which smooths the trajectory of each vessel. The radii of the vessel is also
determined at each centerline point [66]. Initially for each image, approximately 100-200 vessels
were segmented but were later filtered based on segment length to remove vessels that were too
short to perform tortuosity metrics. A threshold vessel length of 500 points was used for all
tortuosity analyses. The segmented data was imported into a second analysis software

(VesselView) also developed by Bullitt and Aylward, which calculated SOAM, DM, and TCM

(among other metrics) for each vessel.

Figure 4. 3. An example of vessels segmented from an AA image. The yellow circle represents
the location of the tumor, which is visible in the right AA image. The vessels inside the tumor
are noticeably more bendy and irregular compared with the vessels far outside of the ROL
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4.2.v  Data Analysis

At the end of the study, treated rats were retrospectively categorized based on the
treatment outcome as either partial response (initial treatment response followed by tumor
recurrence) or complete response (full treatment response resulting in complete tumor
disappearance). The 20 Gy study was terminated early at day 20 due to imaging schedule
constraints. All complete responders were monitored for the duration of the study (30 days) for

tumor regrowth, followed by an additional 30 days.

TV and all microvascular metric (MVm) (VVD, PN, SOAM, DM, TCM) growth curves
for all individual rats were normalized by their respective baseline (pre-treatment) values. Initial
TV growth curves (before tumor regression) and tumor recurrence rates were characterized by

calculating their doubling times (D) using the equation:

Dy = (T— Ty % (log(2)/log(Vy) — log(Vy) (D¢ — doubling time; Ty — time of initial

measurement; T — time of initial measurement; Vo — initial volume; V¢ — final volume)

Similarly, TV regression was characterized by calculating the tumor halving times (H,)

using the equation:

H,=(T—-Ty % (log(1/2)/log(Vy) — log(Vy) [70] (Ht — halving time; T — time of initial

measurement; T — time of initial measurement; Vo — initial volume; V¢— final volume)

Different phases of the MVm (initial response, regression, and recurrence phases) were

characterized using linear regression.

TVxrepresents the beginning of the recurrence phase identified using TV measurements

for an individual tumor. Corresponding time points were labeled for each of the microvascular
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metrics as well (labeled collectively as MVmy). Statistical differences in growth curves and TV
and MVmy values were evaluated using the Mann-Whitney U-test, and differences observed
between dose groups were evaluated with the Kruskal-Wallis test, followed by the Tukey Post-

Hoc multiple comparison test (o = 0.05). All statistical analysis was performed in MATLAB.

4.3 Results

4.3.i TV and VVD Results

The treatment response statistics and sample sizes for each dose group are summarized in
Table 1. Partial responders, complete responders, and untreated tumors in each dose group

present distinctly different VVD and TV growth curves (Figure 4.4).

Table 4. 1 Treatment Response Statistics by Dose Group

15 Gy 20 Gy 25 Gy
Partial Response 5(63%) 3 (60%) 3 (38%)
Complete Response 3 (38%) 2 (40%) 5 (63%)
Total Treated Tumors: 8 5 8

Table 4. 1. Summary statistics of the treatment outcomes for each dose group. Partial response
refers to tumors that initially responded but regrew and progressed, and complete response refers
to tumors that completely disappeared after treatment.
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Figure 4. 4. A comparison of tumor volume (A, C, E) and tumor microvascular density (B, D, F)
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growth curves for complete responders (solid black), partial responders (dotted black), and
untreated tumors (solid gray) for each dose group. Sample sizes for complete and partial

responders, and untreated groups were 3, 4, and 2 for the 15 Gy group, 2, 3, and 5 for the 20 Gy
group, and 5, 3, and 2 for the 25 Gy cohorts, respectively. Error bars represent standard

deviation. Partial responders undergo a transient decrease in vascular density that correlates with

tumor regression and eventually increases, correlating with tumor recurrence. For complete
responders, both TV and VVD decrease. The large error bars in TV and VVD curves are
expected due variability in tumor growth as well as heterogeneity of vascular supply.
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Initial Response

Untreated tumors underwent normal, uninterrupted exponential volume growth with a
mean doubling time of 1.9 + 0.5 days (median: 1.9 days; range: 1.4 days; IQR: 0.6 days). All
treated tumors presented delayed TV growth after the treatment (day 0) until day 3, at a growth
rate significantly less (p=0.009) than compared to the untreated tumors with a mean tumor
doubling time of 3.8 &+ 2.6 days (median: 3.2 days; range: 11.7 days; IQR: 2.0 days). There was a
non-significant decrease in the average tumor doubling time for treated tumors as RT dose
increased. VVD of all treated tumors increased by an average of 18 + 13%, significantly greater
(»p=0.023) than in untreated tumors, which increased by 4 + 6%. There were no significant VVD

or TV differences between partial and complete responders within each dose group (Table 2).
Tumor Regression

By day 5, all treated tumors experienced tumor regression where both TV and VVD
decreased. There was no statistical difference in the regression rates of either TV or VVD
between complete and partial responders in the 15, 20, and 25 Gy treatment groups. For
complete responders, the tumors continued to shrink and completely disappeared between days

15 and 20, accompanied with decreasing VVD (Table 2).
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Table 4. 2 Tumor Volume and Volumetric Vascular Density Growth Curve Statistics

Untreated All 15 Gy 20 Gy 25 Gy
Treated
Complete Partial Complete Partial Complete Partial
Response | Response | Response | Response | Response | Response
Tumor Volume Doubling I 1.9+0.5 3.8+2.6 I 5.6+3.4 3.4+0.5 24+14
time — Initial Response 1 I
(days) 1 (p=0.009) | 55+1.2 5.7+4.7 3.6 0.7 3.3+0.3 23+1.3 24+19
e | I
Volumetric Vascular Density 1 4.3 +6.1 181+ | 21.0+15.8 26.5+10.2 10.0 £5.1
increase — Initial Response | 127 |
(%) | I 223=+ 205+ 23.8+ 283+ 8.6 £5.9 124 +
I (p=0.023) I 213 14.0 15.3 8.9 2.9
Tumor Volume Halving time ~ 3.0+1.0 3.2+0.7 2.8+0.3 29+14
— Regression
(days) 2.5+0.3 3.8+ 0.5 3.0+ 0.6 2.7+£0.1 2.1+£0.3 1.3+1.6
Volumetric Vascular Density ~ -12.8 -10.9+4.9 -20.9 +14.7 -9.3+5.0
Regression (%) 9.3
-10.4 + -11.7 + -26.0 £ -17.5+ -11.1 + -6.2+1.0
6.1 35 19.6 14.1 5.7
Tumor Volume Doubling ~ 4.7+2.1 3.6+0.8 6.4+3.4 45+1.2
time — Recurrence
(days)
Volumetric Vascular Density ~ 5.2+3.2 7.2+3.6 4.7+3.3 32+14
Recurrence (%)

Table 4. 2. Statistical analysis of tumor volume and volumetric vascular density growth curves for each dose group. Significant

differences were observed in TV doubling time and VDD increase, immediately post-treatment. Treated tumors experienced delayed
tumor growth (increased TV doubling time) immediately after treatment while VVD in treated tumors increased at a significantly
higher rate than untreated tumors. There were no other statistically significant growth curve trends between treated and untreated, and
complete and partial responders.



Tumor Recurrence

All partial responders rebounded and recurred between days 10 and 20 as indicated by
their TV growth curves. VVD began to increase between days 7 and 11 and was also associated
with tumor recurrence. Tumor recurrence occurred (non-significantly) earlier as dose increased
as indicated by decreasing average TVx; VVD recurrence (average VVDx) was not statistically
different between dose groups. When comparing TV and VVD curves for each individual tumor,
the increase in VVD was observed earlier than the increase in TV (Figure 4.5). Figure 4.6
visually illustrates TV and VVD changes where VVD begins to increase while TV is still in the

regression phase (Figure 4.6).

15 Gy Partial Responder - VVD 4 15 Gy Partial Responder- TV
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Figure 4. 5. Example of vascular density (left) and tumor volume (right) growth curves from a 15
Gy partial responder. All measurements were normalized to baseline values. In this particular
partial responder failure, vascular density begins to increase as early as day 8, while tumor
volume regrowth occurs later. The increase in the growth curve for both metrics demarcates the
recurrence phase for partial responders, which is illustrated by the shaded region. The tumor
volume and vascular density growth curves of partial responders in each dose group behaved
similarly.
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B-Mode Acoustic Angiography
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Figure 4. 6 A visual comparison of vascular density and tumor volume changes during the tumor
regrowth phase of the same 15 Gy partial responder plotted in Figure 4. Vascular density (right)
noticeably increases from day 7 to day 19, while tumor volume (left) size continues to decrease
until day 19. The tumor boundary in the b-mode images is indicated by the solid yellow line.
Note that microvascular data is shown as a maximum intensity projection but is actually a 3-D
data set.

Increase in VVD for individual rats was observed 10.25 + 1.5 days, 6 £ 0 days, and 4 +
1.4 days earlier than increases in TV, in the 15 Gy*, 20 Gy*, and 25 Gy cohorts, respectively
(Figure 4.7, *p<0.05). The initial TVs were 157.8 £ 5.9 mm?, 182.9 £ 68.1 mm?, 201.4 + 77.4
mm?, for the 15, 20, and 25 G groups, respectively. Variation in initial TVs between groups was
due to tumor growth difficulties; specifically at the time of treatment, tumors either did not

develop or grew too large (> 1 cm in diameter) to be continued in the study. There were non-
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statistically significant differences in TV and VVD measurements between complete responders

and partial responders; specifically, partial responders exhibited higher TVs and VVDs (Table

3).

Table 4.3 Average Initial TV and VVD Values

Dose Average Initial TV (mm?) Average Initial VVD
(Gy) (*p<0.05) (*p<0.05)
Partial Complete Partial Complete
Response Response Response Response
15 171 £52 108 + 40 0.25 +.04 0.16 £ 0.10
20 230 £ 67 137+ 110 0.26 = 0.01 0.20 £ 0.05
25 290 + 77 169 + 39* 0.27 +0.02 0.25 +0.04

Table 4. 3. Average initial tumor volume and initial vascular density values for each dose group.
Larger initial tumor volumes were associated with partial response. While not statistically
significant, the average initial vascular density for partial responders was greater than complete
tumor response. This becomes less pronounced as dose increased.

Partial Response Identification
Vascular Density vs. Tumor Volume
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Figure 4. 7 Dose dependence of the early detection of treatment failure by tumor vascular
density. Partial responder identification using vascular density (black) occurred earlier than using
tumor volume (gray). With increasing dose, the difference in the time of identification between
vascular density and tumor volume decreased. ([*] significant at p < 0.05).
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No severe adverse health effects or significant weight loss were observed in any of the
rats during the entirety of the study. The orientation of the rat during treatment minimized
irradiation of the abdominopelvic region, resulting in less toxicity than in our previous studies
where the rat was oriented perpendicular to the radiation beam. Mild radiation enteritis was
experienced by less than 5 rats which resulted in loose stool and an average of 5 grams or 3%
loss of body weight. This was mitigated with supplementary high calorie food and hydrogel
water (Methods section). All rats with recurring tumors were euthanized at the end of the study.
Rats with successfully treated tumors have been kept indefinitely (>180 days) since the end of

the study and have not shown any signs of tumor recurrence.

4.3.ii PN, SOAM, DM, and TCM Results

No significant differences in PN, SOAM, DM, and TCM growth curves were measured
between partial responders, complete responders, and untreated controls at any time points.
There were no dose dependent differences observed in any of the treatment groups. A summary
of the growth curves is presented in Supplementary Figure C.1. There is an average increase in
PN measured in the partial responders in all dose groups, however the average trends in PN for
complete responders is inconsistent. Tortuosity measurements were compared at time points
where VVD and TV clearly showed differences between partial and control responders, however
no significant differences were found between groups. These data are summarized in

Supplementary Figure C.2.
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4.4 Discussion and Conclusions

We have previously demonstrated that AA can visualize microvasculature with high-
resolution and various quantitative metrics are sensitive to certain abnormal microvascular
structural properties (e.g. tortuosity, density) that allow us to discern cancerous tissue from
normal tissue [59,60]. Based on previous research that has demonstrated that microvascular
remodeling occurs within days after radiation exposure using optical imaging, we hypothesized
that quantification of microvascular changes using AA may indicate response to therapy sooner
than using TV alone, the current clinical standard for assessing response to treatment [35]. In this
work we have demonstrated that quantitative AA is sensitive to changes certain microvascular

features induced by RT and its feasibility as a tool for predicting treatment response.

We believe the clinical implications of our data are significant. In this tumor model, we
have demonstrated that by quantifying the dynamic microvascular response to RT, tumor
recurrence can be detected earlier than using TV measurements alone. In clinical practice,
irradiated tumors often do not significantly change in size until 3-4 months after treatment and
therefore post-treatment imaging is also not performed during this time [71]. For any cancer
patient, early detection of cancer and early assessment of treatment response is critical for
maximizing the chances for improving or maintaining quality of life. By decreasing the wait time
between treatment and post-treatment evaluation, we may be able to increase the probability of
successfully modifying an unsuccessful treatment strategy to one that is tailored to the patient.
This is specifically important for RT, which by itself is often used with radical intent more than

in a palliative setting.

The results in this study using a rat FSA model demonstrate that changes in VVD is a

biomarker that p